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Steve Widergren

THIS ISSUE OF IEEE POWER & EN-
ergy Magazine marks 18 years since 
founding Editor-in-Chief Mel Olken 
launched this periodical. In his words 
in that first issue, “Our new magazine 
is ‘for electric power professionals’ in 
response to the reality of our industry 
today and as one means of meeting 
the goal of the IEEE Power & Energy 
Society (PES) to reach out to the non-
technical side of the electric power in-
dustry and integrate these two critical 
areas. Feature articles will focus on 
advanced concepts, technologies, and 
practices associated with all aspects of 
electric power from a technical per-
spective in synergy with nontechnical 
areas, such as business, environmen-
tal, and social concerns.”

Through his leadership and the sub-
sequent leadership of immediate past 
Editor-in-Chief Mike Henderson, the 
course of IEEE Power & Energy Mag-
azine has remained true to these words. 
As this millennium’s version of the 
Roaring ‘20s takes off, the mission of 
this magazine persists in its objective 
of clear, plain, and broadly accessible 
writing on complex subjects that, when 
told properly, will interest and educate 
our readers. As your latest editor-in-
chief of this magazine, I embrace and 
commit myself to this mission.

On the Shoulders  
of Giants
To be associated with the title of edi-
tor-in-chief is an honor. However, the 
position is not about individual pres-

tige and validation; it is about service 
and commitment to leading a process 
that regularly produces high-quality 
magazines for our power industry col-
leagues. The responsibility that goes 
with this position gave me pause before 
I accepted the role. Since Mike Hen-
derson became editor-in-chief and in-
vited me to the editorial board, he has 
been a mentor. I watched the way he 
guided the production of the magazine 
with passion, humor, and good writing. 
His love for what the magazine stands 
for and the unique niche it caters to 

is apparent in the devotion he exhib-
ited to meet the relentless two-month 
publication deadlines and the quality 
expectations of you, our readers. I am 
privileged to continue to have access to 
his guidance, and his labor of love for 
this magazine still drives the editorial 
organization onward.

I want to also recognize John Pas-
erba for jumping into the breach as in-
terim editor-in-chief and managing the 
past two issues of the magazine with 
great competence. His commitment to 
IEEE and this magazine allowed me 

Digital Object Identifier 10.1109/MPE.2020.3033367
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necessary breathing room, and he has 
been instrumental in my education. 
The magazine is also fortunate to have 
him remain as the associate editor for 
the “History” column. For all of these 
things, he ascends to volunteering saint-
hood in my book.

There is another important con-
tributor deserving of recognition. For 
several years, Robert Henderson has 
provided editorial support to this mag-
azine with thorough reviews of its con-
tent and editorial changes to improve 
its readability. It is hard work with little 
glory, but it is so important to the qual-
ity of our product. Robert contributed 
his skills to this, his final, issue. I am 
grateful to him for his efforts and the 
reduction in anxiety he provided to me, 
as I knew that many language details 
would be captured and properly ad-
dressed. Thank you, Robert.

The Team
Along with John, I am joined by three 
other associate editors and an assis-
tant editor. As assistant editor, Susan 
O’Bryan provides language editing 
skills and manages the process and 
schedule for the creation and submission 
of articles to the magazine. She works 
with Geri Krolin-Taylor and IEEE Pub-
lishing on the handoff of content and 
reviews draft publication material to en-
sure a quality product. As associate edi-
tor of submissions, Jianhui Wang fields 
and manages the process for reviewing 
unsolicited articles for the magazine. 

Also, Antonio Conejo, Ning Lu, and 
Barry Mather are associate editors for 
issues. They provide technical review 
for our feature articles to ensure the con-
tent adheres to the magazine’s standards 
of integrity. I am deeply grateful to An-
tonio for performing the technical edi-

torial review for this issue. He joins me 
in this column to summarize the fine 
contributions of the guest editors and 
authors (see “About This Issue”).

Leader’s Corner
In the “Leader’s Corner” column, Ma-
zana Armstrong shares the challenges 
posed to our members this past year by 
the pandemic. In her role as vice presi-
dent of Chapters, she experienced the 
sudden decline in events that removed 
opportunities for members to connect 
and interact. But she also witnessed the 
resilience originating from the grassroots 
aspects of the PES organization: our pro-
fessional and student Chapters. Thanks 
to the many champions of engagement 
in our membership, meetings and con-
ferences were redesigned, switching to 
virtual events with healthy attendance. 
From this trial has come fresh,  innovative 

World Leader in Developing  World Leader in Developing  in Developing  
Powerful and Field

in Developing  
Powerful and Field-

in Developing  in Developing  in Developing  
Powerful and Field-Powerful and Field-Powerful and Field Proven 

in Developing  
Proven Powerful and Field

On
Powerful and Field
OnOn-

Powerful and FieldPowerful and FieldPowerful and Field
OnOn--line and Off

Powerful and Field
line and Offline and Off-

Powerful and Field Proven Proven Proven Powerful and FieldPowerful and FieldPowerful and FieldPowerful and FieldPowerful and Field
line and Offline and Off----line and Off-line and Offline and Off-line and Off line Tools

Proven 
line Toolsline Tools

Proven Proven 
line Toolsline Tools

for Power Grid Modeling, Analysis, Assessment, 
Enhancement and Optimization

www.bigwood-systems.com
+1.607.257.0915
sales@bigwood-systems.com

Innovation prevails!

• Real-time and Look-ahead Static and Dynamic Security 
Assessment (patented screening, ranking, and detailed 
analysis)

• Reactive Power Reserve Monitoring, Management & 
Enhancement

• Actionable Control Recommendation engine to 
eliminate violations and mitigate unstable contingencies

• New-Generation State Estimation for Transmission and 
Distribution Networks with a low number of measurements 
using SCADA & PMU data

• Global Optimal Power Flow (for over 250,000 control variables with 
AC/DC constraints)

• Distribution Network Management Tools
• Renewable Energy Forecasting, Uncertainty Modeling, 

Representation & Management
• Advanced Measurement-Based Power System Modeling

(Generation, Transmission & Load)

Network Applications for the Control Center

Over 40 electrical utilities served world-wide, including long-standing 
customers such as California ISO, PJM Interconnection, Tokyo Electric 
Power Company, Tennessee Valley Authority, and UK Power Networks, 
among others. BSI’s advanced technology, innovation and satisfied 
customers are key differentiators.

World-Wide Customer Base

“Bigwood Systems’ Online Voltage  
Stability product is simply the best in the 
field.” - CAISO Project Leader

“The BSI VAR Management System is a 
best practice tool for all utilities.”
- SERC Audit Staff

“BSI On-line Transient Stability 
Assessment is a superb product.” 
- TEPCO Manager

NY, USA
Head Office   Branch Offices
Ithaca, NY           Taipei, TWN | Beijing, CHN

BIGWOOD SYSTEMS, INC.



pscad.com
Powered by Manitoba Hydro International Ltd.



8	 ieee power & energy magazine	 january/february 2021

ideas—a wonderful example of the po-
tency and reward of volunteering.

Book Review
Our “Book Review” column provides 
insights into a recent publication. Chris-
topher Lee shares his thoughts on Elec-
tric Power Principles: Sources, Con-
version, Distribution and Use, second 
edition, written by James L. Kirtley, and 
its place as valuable material for teach-
ing undergraduate electrical engineer-
ing students.

PES Elections
In October 2020, IEEE Fellow and cur-
rent Editor-in-Chief of IEEE Transac-
tions on Smart Grid Claudio Cañizares 
was elected as the 2021 Division VII 
director-elect. In this position, he will 
serve on the IEEE Board of Directors 
in 2022–2023 representing PES. He 
will succeed Miriam Sanders, who is 
serving as the 2020–2021 Division VII 

director. Prof. Cañizares vied for the 
seat along with Lalit K. Goel. Congrat-
ulations to Prof. Cañizares on his new 
role, and sincere thanks to Prof. Goel 
for running and providing PES mem-
bers a choice for their vote.

History
Associate Editor John Paserba brings us 
an article written by Adam Allerhand 
about Charles Francis Brush (17 March 
1849–15 June 1929): an American engi-
neer, inventor, entrepreneur, and philan-
thropist. This issue’s “History” column 
explores Brush’s contributions to dyna-
mos, arc lighting, and central stations; 
addresses his competition at the time; 
and describes some of his work after the 
Thomson–Houston Electric Co. took 
control of the Brush Electric Co. in 1889.

Talk to Me
As the new guy on point to bring you 
IEEE Power & Energy Magazine, I am 

respectful of and aligned with its heri-
tage but well aware that our world and 
the power and energy landscape is 
changing. The editorial staff’s vulner-
ability to missteps can be outmatched 
only by an endless desire to improve the 
product for our readers. While the mag-
azine receives letters to the editor and 
good word-of-mouth feedback, the true 
pulse of our readers remains somewhat 
veiled and a matter of conjecture to me. 
As I become more proficient in this role, 
I will be contemplating how to measure 
the magazine’s success in fulfilling its 
niche for our audience. You can help. 
I encourage you to let me know your 
thoughts or ideas, likes, and dislikes with 
a message to pem-eic@ieee.org.

In Closing
When a colleague learned of my ap-
pointment as editor-in-chief, he noted 
that I shared a hidden job requirement 
with my editor-in-chief predecessors at 
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IEEE Power & Energy Magazine: we 
each spent formative years of our ca-
reers at American Electric Power Co. 
(AEP), a North American regional util-
ity and power engineering firm whose 
accomplishments were served in 
no small measure by the prowess of 
Philip Sporn, its chief engineer and 
then chief executive officer, with a ca-
reer that spanned the 1920s through 
the 1960s. Sporn was an immigrant 
who left his mark on our profession in 
engineering and business in the service 
of societal advancement. He was an 

Edison Medal winner and a mem-
ber of the National Academy of En-
gineering, and he was deeply revered 
by those who worked at AEP. We are 
the progeny of Sporn, someone whose 
professional and civic calling speaks to 
the aim of this magazine for blending 
technology, business, and social prog-
ress in an open conversation with our 
power and energy community.

Lastly, in late September, another 
immigrant to the United States, Nation-
al Academy of Engineering member 
and IEEE Fellow Dr. Eugene Litvinov 

died. Dr. Litvinov contributed to the 
advancement of power system analysis, 
electric market system development, 
and the application of information 
technology to many power engineer-
ing challenges while at ISO New Eng-
land. He was a serious man who loved 
to laugh and developed admiration and 
friendship with all who worked with 
him. May he and all colleagues we 
have recently lost be remembered and 
rewarded in peace.

�
p&e

In This Issue
Electricity markets were adopted in the late 1990s or early 

2000s. At that time, renewable production based on solar 

or wind energy (weather-dependent resources) was a rarity. 

Today, renewable production is not only common but also 

dominant in some jurisdictions, such as Texas and California 

in the United States as well as Denmark and Spain in Europe. 

However, the design fundamentals of most electricity markets 

worldwide have remained essentially unchanged. It is true that 

diverse instruments have been added to markets that operate 

systems with high renewable penetration, but the core design 

of virtually all markets remains that of the early 2000s.

This issue of IEEE Power & Energy Magazine on the zero-

marginal-cost electricity markets addresses the changes re-

quired in market design and market instruments to accom-

modate an increasing share of renewable production that 

has an exceptionally low marginal cost. These changes are 

most important to ensure well-functioning electricity mar-

kets in the future. This issue is closely related to the January/

February 2019 issue on conversations on design—wholesale 

electricity markets.

Decarbonization, with important ramifications for the 

power sector, is a direct consequence of increasing the in-

tegration of weather-dependent renewable sources, such 

as wind or solar power. Thus, in this context, decarboniza-

tion is tantamount to renewable integration on the genera-

tion side along with changes on the demand side (load flex-

ibility, electrification, and so on). Another consideration 

is that, for the time being, electricity cannot be stored in 

great quantities. This impacts the design and operation of 

electricity markets.

Within the framework for renewable-dominated sys-

tems, this issue addresses several relevant questions whose 

answers are not yet fully clear to the power community.

•	 �Are the economic principles used to design current 

markets still valid if the generation fleet becomes re-

newable dominated? If most of the available gener-

ating sources have a marginal cost close to zero, can 

electricity markets function properly? Can a stable 

flow of revenues be ensured for producers?

•	 �Which are the most effective mechanisms to guaran-

tee investment cost recovery in a renewable-dom-

inated power system? What is the role of capacity 

payments or capacity markets in ensuring cost recov-

ery? Should capacity markets be adopted, or should 

producers rely solely on energy markets?

•	 �Which are the most effective financial instruments 

to materialize investment in renewable generation 

in both developing and developed regions? Can 

long-term contracts be adopted without altering the 

liquidity of short-term markets? How are the roles of 

electricity financial markets organized?

•	 �What can we learn from market experiences in 

hydro-dominated systems, such as those in Norway 

and Brazil? Can we translate the market experiences 

gained in hydro-dominated systems to renewable-

dominated ones?

•	 �Which are the most insightful experiences world-

wide of high renewable penetration in power sys-

tems? Which are the lessons from Europe and other 

parts of the world, e.g., New Zealand?

Under the deft leadership of seasoned Guest Editors Luiz 

Barroso and Hugh Rudnick, a diverse mix of contributors to 

this issue, coming from industry, government, and academia, 

addresses these important questions and others, providing 

insightful analysis, observations, and recommendations.

Antonio Conejo
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T
THE YEAR 2020 WAS A DIFFICULT 
one, and we are glad to put it behind 
us. We feared for our loved ones, we 
feared for our jobs, and we feared 
life would never be the same again. 
This is our new normal, and as hard as 
that is to accept, we must keep mov-
ing forward. In this month’s “Leader’s 
Corner” column, I want to reflect on 
the positive aspects I have seen and 
experienced this past year in my pro-
fessional career and as a member of 
and volunteer for the IEEE Power & 
Energy Society (PES). This exercise 
has given me hope that we can survive 
the pandemic together.

As the PES vice president for Chap-
ters, my role is to oversee the operation 
of the Society’s professional and Stu-
dent Chapters around the world. We 
currently have nearly 260 Chapters and 
450 Student Chapters in more than 
150 countries. PES Chapters provide the 
means for our Society to connect with 
members locally. Our Chapters are 
run by volunteers who are just like the 
people you work and live with in your 
community. They organize events to 
support the professional development 
of PES members in the community and 
provide them with networking oppor-
tunities. With the start of the pandemic, 
all local Chapter activities across the 
world were paused, but only for a brief 
period. Our volunteers regrouped and 
soon started organizing virtual events. 
Conferences and technical meetings 

were transitioned to virtual events at 
low to no cost to our members. Dis-
tinguished lectures became webinars. 
Our “engines” were restarted and ran 
at a high speed in this new virtual 
world. As PES, we decided to not sit 
back but instead do just the opposite. 
We moved forward with strength and 
support for each other at the time we 
needed it the most.

2020 PES Student 
Congress
Let me tell you a story about the 2020 
PES Student Congress. This biannual 
event was started in 
2014, and our Society 
funds approximately 
100 Student Chapters 
to send their represen-
tatives to this training 
and networking event. 
The event s u p p o r t s 
the growth of student 
membership and en-
sures that our Society 
continues to f lourish 
for years to come. These 
young students will 
carry the torch lit by  
the inventors of elec-
tric power systems and 
founders of IEEE/AIEE more than 
130 years ago. The fourth Student Con-
gress was scheduled to be held Au-
gust 2020 in Montréal in conjunction 
with the IEEE PES General Meeting. 
When it became clear that all IEEE 
conferences and events were being 
switched to virtual events, our orga-

nizing committee for the Student 
Congress was faced with an enor-
mous challenge to create a first-ev-
er virtual congress in an extremely 
short time and with many uncertain-
ties, such as the number of poten-
tial attendees.

Our organizing team of student 
volunteers from Sri Lanka, Canada, 
Tunisia, and Brazil united to pull 
off an outstanding event. The virtu-
al congress was free of charge, with 
registrations exceeding 2,000 student 
participants from across the world. 
The sessions included online compe-

titions, debates, soft-
skills training, multi-
cultural events, leader 
forums, and training 
on how to run suc-
cessful Student Chap-
ters. The event was 
broadcast via social 
media outlets, and it 
was a huge success.

To make this hap-
pen, our student vol-
unteer leaders donat-
ed hundreds of hours 
of their own time on 
weekends  a nd eve -
nings for one reason 

only: the positive difference it would 
make for our members around the 
world. That truly mattered to them. 
This volunteering spirit is just one of 
the examples where I have witnessed 
the strength of our Society and the 
support and benefits that emerge when 
we work as a team.
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unity in adversity
staying connected during challenging times
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Our organizing 
team of student 
volunteers 
from Sri Lanka, 
Canada, Tunisia, 
and Brazil 
united to pull off 
an outstanding 
event.
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Become Involved 
in the PES
Students are the future of our Society, and 
this is emphasized in the PES’s five-year 
strategic plan. We are currently seeing 
less participation in our Student Chap-
ters at universities in North America, and 
fewer students are transitioning to PES 
membership upon graduation. All of us 
can do something to change that. No mat-
ter where you live in the world, please 
consider offering a free webinar. Talk to 
the students at your local university about 
your job and your career. Tell them why 
you find a career in the field of power and 
energy so worthwhile, and explain how 
they can benefit from being involved with 
our Society. If you can help create a new 
PES Student Chapter or revive an inactive 
one at your local university, please do so.

And if you work with a young col-
league just out of school, encourage 

him or her to join our PES community 
for a more successful and fulfilling 
career, just as you and I have experi-
enced. Our Society’s foundation is in 
the development of standards that have 
enabled us to build and operate arguably 
the most complex engineered systems 
known to humankind. Our technical 
committees are the perfect place for 
young professionals to grow and mature 
into technical leaders of the future.

I also encourage you to get in touch 
with a professional PES Chapter near 
you. It is very easy to find your near-
est Chapter at https://www.ieee-pes
.org/pes-communities/chapters/chapter
-locator. Check out Chapter activi-
ties and consider giving a presentation 
about your professional interests. I 
challenge all PES Chapters, both stu-
dent and professional, to organize at 
least one virtual event per month. You 

can help reach that goal by both offer-
ing to present and participate virtually 
in presentations given by others.

If you are still wondering what is 
in it for you, active involvement with 
PES Chapters will help you build your 
professional network, learn new skills, 
stay up to date professionally, develop 
leadership skills, and be recognized for 
your accomplishments through PES 
Chapter awards. And along the way, 
you will also create friendships that 
will stay with you for life. There is ab-
solutely nothing to lose and everything 
to gain.

I wish that you all stay safe and 
connected during these challenging 
times. You are welcome to reach out to 
me with questions or ideas at mazana
.armstrong@ieee.org.

p&e

Dynamic Security Assessment Software

Offering a simple, user-friendly interface 

with extensive analysis options, DSAToolsTM

is a suite of software tools for power system 

analysis. The software is designed for 

applications in both off-line studies and 

on-line dynamic security assessment.

www.dsatools.com

Contact us:

dsainfo@powertechlabs.com

ST DSA MANAGER

CIM IMPORT

HARMONICS

ePMU

UDM EDITOR

OPF-RA

CDT 

SSR 

DSATools™

DSA Manager

PSAT

TSAT SSAT

VSAT

TRI

TPI

DSAToolsTM CORE MODULES
• PSAT - Powerflow & Short-circuit Analysis Tool

• VSAT - Voltage Security Assessment Tool

• TSAT - Transient Security Assessment Tool

• SSAT - Small Signal Analysis Tool

• DSA MANAGER - Common interface for on-line DSA

DSAToolsTM ADD-ON MODULES
• UDM EDITOR - Graphical tool to create and examine user defined models for TSAT, SSAT, and VSAT

• OPF-RA - Identification of remedial actions for improving voltage stability by using optimal power flow approach

• SSR - Frequency-domain subsynchronous resonance analysis

• ST DSA MANAGER - Interface for the study mode in on-line DSA

• TRI - TSAT-RTDS® Interface for Co-Simulation

• TPI - TSAT-PSCADTM Interface for Co-Simulation

• ePMU - Create simulated PMU data (IEEE C37.118)

• CDT - Control design toolbox for PSS design and tuning

• HARMONICS - Harmonics analysis

• CIM IMPORT - Import of powerflow data in CIM/XML format



Craig Wire Products ~ Frequently Asked Questions

Magnet Wire Made to Order and Shipped Within Seven (7) Days?

              Where in the World Can I Find

• When was Craig Wire started?  November 2007
• Who founded Craig Wire?  Jack Craig, Brad Archambeau, Linda Belcher, Brett Portwood
• Is Craig Wire a joint venture?  No. CWP is a privately held independent LLC.
• What is the breadth of CWP’s product line?  Please visit our website www.craigwire.com for a full review
 of our product offering.
• What is the minimum order quantity?  For 99% of our product line the minimum is 250 pounds.
 We will readily take orders for 1,000 pounds or more.
• What is the delivery time?  Our standard shipment time after receipt of order is 14 days.
 In an emergency CWP can ship within 7 days.

Call Craig Wire
• Customer Service: 770.920.2222
• Sarah Berkowitz: 770.558.7301
• Brad Archambeau: 770.500.7199
• Jason Craig: 312.799.0894

Craig Wire Products
1055 Shadix Industrial Way • Douglasville, Georgia 30134

www.craigwire.com
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DECARBONIZATION GOALS HAVE 
created a technological revolution that 
has enabled renewables—in particular, 
solar and wind generation—to be in the 
center of most electricity markets all 
over the world. Renewables are inher-
ently characterized by high production 
variability combined with limited pre-
dictability and controllability, which 
have created significant flexibility chal-
lenges for power systems planning and 
operations all around the world.

Renewables also produce electricity 
at an almost zero marginal cost. In the 
presence of high shares of renewables, 
restructured electricity markets based 
on setting locational marginal prices 
will also be challenged, as electricity 
prices can fall to zero or even nega-
tive values if abundant renewable gen-
eration is observed.  Conversely, prices 
can rise quickly and may reach high 
figures if renewables are not producing 
and scarcity takes place. These effects 
can be exacerbated in the presence of 
transmission bottlenecks and high lev-
els of distributed generation.

In the abundant presence of (almost) 
zero-marginal-cost resources, impor-
tant questions have recently been posed 
on the power system economics side 
about the future of current electricity 
market designs and companies: 

✔✔ How will remuneration of gen-
eration assets take place? 

✔✔ How will financing arrange-
ments be structured? 

✔✔ Will revenue uncertainty com-
promise generation adequacy in 
the face of new capacity needs 
due to the decommissioning of 
existing fossil resources com-
bined with load growth? 

✔✔ Can scarcity pricing, revealed 
through variability in short-term 
price signals for generation ser-
vices, create adequate incentives 
for long-term investments? 

✔✔ Are long-term reliability and en-
ergy contract markets the way to 
go, or do capacity markets suf-
fice to create efficient incentives 
for investments? 

✔✔ How can demand-side services 
and demand response be brought 
into the market as resources 
while balancing political con-
siderations and consumers’ aver-
sion to risk in electricity pricing? 

With increasing decarbonization goals 
in power systems all over the globe, 
these are examples of relevant ques-
tions to be discussed by policy makers 
and stakeholders.

The objective of this issue of IEEE 
Power & Energy Magazine is to de-
bate these zero-marginal-cost futures 
and discuss relevant topics related to 
generation adequacy and wholesale 
markets, focusing on conceptual and 
practical discussions. The issue fea-
tures authors with wide experience 
from both academia and industry who 
focus on the regulatory and market 
challenges ahead.

Carlos Batlle, Pablo Rodilla, and 
Paolo Mastropietro open this issue 

with the conceptual problem statement. 
They discuss how, more than three de-
cades since the first power markets 
were implemented in the 1980s, key 
aspects of the market structure need 
to be revisited: the interplay between 
regulation and market forces as well as 
the relations between transaction char-
acteristics and contractual and other 
governance structures. 

However, this is not the only mat-
ter that needs to be properly addressed. 
The authors argue that short-term pric-
ing mechanisms will continue to be 
instrumental in guiding optimal op-
eration and investment decisions but 
also need to be properly coordinated 
with regulatory-driven, long-term mar-
kets. They discuss which mechanisms 
should be designed, how this should 
happen, and what market rule modi-
fications are needed to allow for ef-
ficient interaction between short-term 
market prices and long-term comple-
mentary signals. 

The second article, by Frank Wolak, 
also discusses conceptual issues, pre-
senting a proposal for a market design 
in a zero-marginal-cost intermittent 
renewable future. Wolak suggests key 
improvements to the design of an effi-
cient short-term wholesale market and 
posits a long-term resource adequacy 
mechanism for a system with a large 
share of zero-marginal-cost intermit-
tent renewables. He argues that his 
conceptual proposal ensures long-term 
resource adequacy at a reasonable  
cost for final consumers while also 
allowing for the short-term wholesale 
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Luiz Barroso and Hugh Rudnick

the growth of renewables
zero-marginal-cost electricity markets
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volatility necessary to finance invest-
ments in storage and other load-shift-
ing technologies that will be required 
to manage a large share of renewables.

We then move to the first of three 
articles on practical experiences. Erik 
Ela, Andrew Mills, Eric Gimon, Mike 
Hogan, Nicole Bouchez, Anthony Gia-
comoni, Hok Ng, Jim Gonzalez, and 
Mike DeSocio discuss potential path-
ways of electricity market designs with-
out fuel costs in the United States and 
Canada. They navigate through some 
key challenges and efforts to improve 
market designs today before describing 
potential options for future designs of 
electricity markets with these charac-
teristics. This includes arrangements to 
incentivize investment in and operation 
of the future supply fleet.

A team of 12 European authors led 
by Goran Strbac reviews European pol-
icy initiatives to address market design 
challenges. They discuss some Euro-
pean Union (EU) efforts in five select-
ed areas: the missing money problem, 
the integration of renewables in energy 
and ancillary services markets, carbon 
markets, the value of distributed flex-
ibility, cross-border market integration, 
and the coordination of emerging local 
energy markets. Open issues and inno-
vative designs are identified to enable a 
cost-effective and secure decarbonized 
European electricity system.

Luiz Barroso, Francisco D. Muñoz, 
Bernardo Bezerra, Hugh Rudnick, and 
Gabriel Cunha show that some hydro-
electric-dominated countries in Latin 
America (in particular, Brazil) have 
operated with a lot of generation with 
zero marginal cost for decades and still 
managed to incentivize investment in 
new generation capacity. However, in 
those settings, long-term markets for fi-
nancial energy contracts with sufficient 
liquidity are essential to secure genera-
tion financing due to the high volatil-
ity of spot prices. The authors discuss 
the role of long-term markets that have 
been implemented in the region for de-
cades and potential improvements.

Our last article comes from a team 
of lenders. Tonci Bakovic, Debabrata 
Chattopadhyay, Fernando Cubillos, 

and Marcelino Madrigal present a 
view from development banking prac-
titioners on the challenges to genera-
tion financing in markets with a high 
penetration of renewables. Financing 
is essential to attract capital to expand 
or retain generation capacity. Focusing 
on developing countries, they argue 

that policy makers must address both 
market and institutional design. Sup-
porting the arguments of the previous 
articles, they claim in particular that 
long-term contracts to stabilize rev-
enues will continue to be a key design 
feature to attract competitive gen-
eration investments, but more flexible 
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BL-1
18627A

BL-3
29249A

BL-3
GE MVT-9
Sensor = 800
Plug = 800
Cur Set = 0.5 (400A)
LT Band = 1
Inst = 4 (3200A)

BL-5
20574A

BL-5
Cutler Hammer Series C
HFD
Frame = 225A (150AT)
Trip = 150

C-6
1 - 400 kcmil CU

TX-2
1000 / 1288 kVA
INRUSH

BL-1
GE MVT-Plus
Sensor = 1600
Plug = 1600
Cur Set = 1.1 (1760A)
LT Band = 1
STPU = 2.5 (4400A)
ST Delay = Int
ST Delay I²t = Out
Override = 50000A

TX-2
1000 / 1288 kVA
6%

TX-2
FLA

SWG-4 24
.13

 

TX-2
1 / 1.288 MVA
13.8 - 0.48 kV
6%

BL-1
GE AKR-50
1600/1760

BL-3
GE AKR-30H
800/400

BL-5
C-H HFD
225/150
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PANEL PANEL PANEL

BUS-3 13.8 R-6 51/50 Open Air VOA 152 32.1 + 26 1.7

BUS-7 13.8 R-7 51/50 Open Air VOA 152 30.5 + 26 1.5

M-1 0.48 BL-3  Other HCB 32 31.6 + 18 3.8

MAIN SWG 3.8 R-18 51/50 Switchgear VCB + HCB 152 189.3 + 18 59.3

REFINER 2.4 R-7 51/50 Switchgear VCB + HCB 104 261.9 + 18 122.8

SWG-4 0.48 R-6 51/50 Switchgear VCB + HCB 32 213.2 + 18 135.1

MCC-1 0.48 BL-2  MCC VCB 25 53.6 + 18 6.9

MCC-2 0.48 BL-3  MCC VCB 25 53.1 + 18 6.8

PNL-1 0.208 FS-2  Panel VCB + HBB 25 48.2 + 18 7.1

PNL-2 0.208 PNL-1  Panel VCB 25 57.8 + 18 7.7

Arc Fault
Bus Name

Arc Fault
Bus kV

Electrode
Configuration

Upstream
Trip Device

Name

Upstream
Trip Device

Function

Est Arc Flash
Boundary
(inches)

Working
Distance
(inches)

Incident
Energy

(cal/cm2)

Electrode
Gap
(mm)

Equip Type

 57.8 + 18 7.7 57.8 + 18 7.7 57.8 + 18 7.7

Arc Flash and Shock Risk HazardAppropriate PPE Required4’ - 0”
6.0

Flash Hazard Boundarycal/cm2 at 18 inches - Arc Flash Incident Energy
0.48
3’ - 6”
1’ - 0”

Equipment Name:  SWG-4       (Fed By: 18A)VALID FOR NORMAL SYSTEM CONFIGURATION ONLY

kV Shock Hazard when cover is removedLimited Approach
Restricted Approach

SWG-4 0.48 R-6 51/50 Switchgear VCB + HCB 

MCC-1 0.48 BL-2  MCC VCB 25 53.6 + 18 6.9

MCC-2 0.48 BL-3  MCC VCB 25 53.1 + 18 6.8

PNL-1 0.208 FS-2  25 48.2 + 

PNL-2 0.208 PNL-1  Panel VCB 25 57.8 + 18 7.7

Arc Flash and Shock Risk HazardAppropriate PPE Required
Flash Hazard Boundary

 at 18 inches - Arc Flash Incident Energy

Equipment Name:  SWG-4       (Fed By: 18A)VALID FOR NORMAL SYSTEM CONFIGURATION ONLY

kV Shock Hazard when cover is removedLimited Approach
Restricted Approach

Arc Flash and Shock Risk Hazard

Appropriate PPE Required

4’ - 0”
6.0

Flash Hazard Boundary

cal/cm2 at 18 inches - Arc Flash Incident Energy

Arc-rated shirt and arc rated pants or arc rated coverall

0.48
3’ - 6”
1’ - 0”

Equipment Name:  MCC-23A       (Fed By: 27B)

VALID FOR NORMAL SYSTEM CONFIGURATION ONLY

kV Shock Hazard when cover is removed

Limited Approach

Restricted Approach
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arrangements—such as 
liquid markets for short- 
to medium-term con-
tracts that can be rolled 
over—can be alterna-
tives to avoid the tech-
nology lock-up brought 
by the super-long-term 
commitments that have 
emerged in many devel-
oping countries.

Fina l ly,  A l b e r t o 
Pototschnig, an econo-
mist who served as the first director 
of the EU Agency for the Cooperation 
of Energy Regulators and is currently 
with the Florence School of Regula-
tion, brings his experience to a debate 
in the “In My View” column. He fo-
cuses his discussion on reliability op-
tions as a preferred mechanism to 
address residual adequacy concerns 

raised by the high pen-
etration of renewables. 
Focusing on the EU, he 
argues that reliability 
options should be de-
signed such that strike 
prices do not interfere 
with the functioning of 
the energy market—
under normal or even 
tight conditions—and 
that penalties should be 
imposed to reinforce the 

incentives for adequacy resources to be 
available at times of scarcity.

Electricity markets will be dramati-
cally changed in the decades to come, 
and the discussion of how best to adapt 
market designs for high shares of re-
newables will be ongoing. The con-
sequences of the zero-marginal-cost 
electricity industry go well beyond the 

wholesale markets discussed in this 
issue, and we are sure IEEE will con-
tinue contributing to these discussions.

We would like to thank the authors 
for the time, dedication, and articles 
provided, which shed light on the key 
topics related to this very relevant dis-
cussion. We thank IEEE Power & En-
ergy Magazine for providing us with 
the opportunity to reflect on and ana-
lyze such challenging matters, which 
have taken us and the authors out of 
our comfort zones to consider many 
new ideas. A special thank you goes 
to Editor-in-Chief Steve Widergren, 
Associate Editor Antonio Conejo, and 
immediate past Editor-in-Chief Mi-
chael Henderson for continuing to pro-
vide the conditions for IEEE Power & 
Energy Magazine to remain an IEEE 
flagship publication.
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I
IN THE 1980S, SOME SEMINAL WORKS SUCH AS MARKETS FOR POWER: AN ANALYSIS
of Electric Utility Deregulation by Joskow and Schmalensee and Spot Pricing of Electric-
ity by Schweppe et al. set the foundations for electric power system restructuring toward a 
fully liberalized, marginal price-based  market environment in which generators and end users 
trade. Even then, it was clear that the task was not going to be easy, but an increasingly 
and always significant portion of the industry and academic community thought 
that it was at least possible. More than three decades after the first 
power markets were implemented, the entire “power sector 
community” continues to discuss the suitability of 
relying on short-term market prices as an 
efficient signal to drive investments, 
especially in the current context in 
which not only traditional gen-
erators but also end users can 
decide to invest in energy sup-
ply resources, and an increas-
ing amount of new generation 
investments have zero or close 
to zero variable costs, which 
some people see as a threat to the 
short-term market paradigm.

In this article, we discuss the rea-
sons behind the widespread implemen-
tation of regulatory-driven, long-term mar-
ket mechanisms, such as capacity mechanisms 
or auctions for renewables, storage, or demand 
response. As a consequence of the former, we argue 
that in the current (and even more in the upcoming) con-
text, rather than discussing the suitability of relying on any 
sort of regulatory-driven market or pseudomarket mechanism 
that provides long-term signals, research efforts should focus 
on which mechanisms should be introduced and how they 
should be designed and what modifi cations of market rules 
are needed to allow for effi cient interaction between short-
term market prices and long-term complementary signals. 
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Revisiting Market Regulation 
and Design

The New Market Paradigm 
Under the New Conditions
The key motivation behind the liberalization of power sec-
tors and the introduction of wholesale market mechanisms 
was to transfer the responsibility of investment decisions 
from public administrations to market agents, expecting 

that competition in generation would spur efficien  cy and 
drive wholesale energy prices down. Moreover, 

competition would re  move the responsibil-
ity of planning from governments as 

single decision makers whose 
errors have massive con-

sequences and leave capacity expansion decisions to the mar-
ket agents, thus shifting the consequences of planning errors 
from the consumers to those who make the decisions.

The principal idea was to “let the market” decide what, when, 
and how to invest in new generation resources. However, reality 
has contradicted this original premise. There is a growing con-
sensus among power sector regulators worldwide that markets 
need regulatory mechanisms that protect and complement the 
expansion processes.

Since the introduction of markets, signifi cant progress has 
been made on the wholesale competition front. Short-term 
energy and ancillary services markets, built upon mid-20th 
century economic dispatch-optimization modeling tools, 
have worked reasonably well under the designs that charac-
terized power system liberalization during the 1990s and 
early 2000s. However, the context and perspectives for the 

future have dramatically changed. Now the complexity 
and uncertainty of the capacity expansion problem 

are much larger because of the following:
1)  On the supply side, the diversity of tech-

nological alternatives is unprecedented.
2)  On the demand side, the load for con-

ventional uses is decreasing while, at 
the same time, it is expected that the 
whole economy is going to be gradu-
ally electrified at an uncertain level 
and pace.

3)  For the first time, end users are starting 
to have the means not only to respond to 
short-term price signals but also make 
their own investment decisions.

These developments raise questions about whether 
current market designs can be im  proved to provide short- and 
long-term price signals able to support an effi cient and com-
prehensive system-wide operation and expansion of the 
power system, leading to an optimal portfolio of utility scale 
and distributed generation, storage, and demand-response 
resources consistent with public policy goals. In this context, 
governments worldwide have reversed the original expressed 
intention of letting the market determine investment decisions. 
Subsidies for renewable energy sources (RESs) have guided 
a signifi cant part of the investments in generation in the last 
decade, many competitive bidding tenders and capacity remu-
neration mechanisms are being implemented, and even direct 
and centralized key energy-planning decisions are being made. 
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Two paradigmatic examples among the many others that could 
be mentioned include the contract to build Hinkley Point C, 
signed by the U.K. government, which is currently consider-
ing a regulated asset based (RAB) model to finance additional 
nuclear plants, and the AB 2514 and AB 2868 energy storage 
mandates in California. Next, we develop an in-depth review 
of the factors that characterize a power sector context totally 
different than the one reigning at the time most market-driven 
restructuring processes started.

Old and New Factors Conditioning 
Electric Power Markets

The Change in the Framing Conditions
Many instrumental framing conditions have changed since 
electricity markets were originally designed and implemented.

First, politics have changed dramatically. The 1980s and 
early 1990s were times when economic liberalism was much 
more “popular” among policy makers. Also, power system lib-
eralization was seen as a helpful tool to support other policy 
decisions, such as the closure of the mining industry in the 
United Kingdom.

Currently, the situation is totally different since economic 
liberalism has lost momentum in a good number of juris-
dictions and, more importantly, higher-order objectives (that 
is, decarbonization via electrification of the economy) are 
assumed to require tighter control of the investment deci-
sions in the power sector.

At the same time, there was an underlying perception that 
the degrees of freedom in the decision-making process to plan 
the future expansion of power systems were rather limited. At 
the start of the century, nearly all of the new investment alter-
natives in generation consisted of gas-fired and coal plants 
with nuclear and hydro in some places. Many expected the 
expansion of power systems to be led almost exclusively by 
combined cycle gas turbines (CCGTs). The actual competi-
tion was, in fact, assumed to be built along two complemen-
tary dimensions. CCGT manufacturers were on one end and 
gas suppliers on the other via the different contract formats, 
such as the take-or-pay contracts that prevailed at the start 
of the liberalization in the European Union (EU) context. The 
risks that investors were supposed to face were also perceived 
as largely controllable. Since investing in CCGTs seemed like 
the only option, leaving these decisions to the market was per-
ceived to be worth a try. At the same time, politicians did not 
perceive that they were losing much control of one of the key 
levers they had been using to gear economic policy.

Currently, the number of variables of the capacity expan-
sion problem has skyrocketed. Now, besides the traditional 
generation technologies subject to new risk factors, such 
as carbon prices and environmental constraints, there is a 
diverse portfolio of new alternatives all linked to extremely 
uncertain learning curves: renewable energy and demand 
response sources, new nuclear technologies, carbon capture 
and sequestration, different sorts of storage, hydrogen, and 
so on. It is not just that there is a diversity of alternatives 
but that these new choices are qualitatively different from 
conventional technologies.

Gas-fired generation plants had other relevant expected 
advantages. There was a consensus that CCGTs turned down 
the marginal cost of electric energy supply over the long 
term. In the EU case, in the second half of the 1990s, the lev-
elized cost of energy assumed for CCGTs was in the range of 
US$40/MWh, well below the energy component embedded 
in end-user retail rates at the time. CCGTs’ higher relative 
efficiency, lower capital costs, and short building times (it 
was expected that they could be installed in two or three 
years), particularly in a context of high-interest rates, were 
perceived not to have any technological competitor. In addi-
tion, CCGTs were supposed to be almost fully scalable and 
could be sited almost anywhere, so there was no significant 
need for transmission expansion.

Some of these key advantages, such as building times, 
did not fully materialize. Relevant uncertainties, such as 
environmental regulations, have been larger than expected. 
Scalability has not been significant either, and due to green-
house gas limitations (for example, carbon taxes), prices 
will not be as low as originally assumed. Besides, building 
transmission is increasingly more difficult for a number of 
well-known reasons.

In a good number of power systems (mainly in the EU 
case) where liberalization was implemented, there was a 
significant overcapacity as, until that time, policy makers 
took care to maintain reliability in a very risk-averse man-
ner. In others, capacity mechanisms, in the form of capacity 
payments or capacity markets, were implemented in a large 
number of jurisdictions almost from the very beginning. 
Only some European countries did not implement capacity 
mechanisms, but it should not be forgotten that in such juris-
dictions, the key incumbents were still publicly owned (such 
as EDF in France, Enel in Italy, and Vattenfall in Sweden).

Finally, compared with the current state of affairs and finan-
cial situation, the willingness of equity to fund investments in 
generation was much better than it is now. This led, for instance, 

Research efforts should focus on what modifications of market rules  
are needed to allow for efficient interaction between short-term  
market prices and long-term complementary signals.
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to the initial euphoria to invest in CCGTs in the United King-
dom (the so-called “dash for gas”), Italy, and Spain.

At the same time, unfortunately, some problems that 
were supposed to be healed as markets matured persist after 
three decades. It is not just that many of these factors have not 
turned upside down, but it is that many other new and critical 
ones have arisen. Next, we review some of these issues.

The Persistent “Original Sin”: the Inaction  
of the Demand
One of the basic factors for a market to function is obvi-
ously that both supply and demand participate properly in 
the market. Fundamental to maximizing the net social ben-
efit in both the short and long term, demand plays an active 
role in the market by reflecting, through its offers, the true 
value that an asset has in each moment. In economic terms, 
that means the demand purchase offers reflect an asset’s true 
utility function at all times.

In times of generation shortage, if demand does not actively 
declare its actual utility function in the market, the price could 
theoretically rise to levels well above what most consumers 
would actually be willing to pay. For this and other reasons, 
since the first electricity markets were implemented, regulators 
designed artificial price limits. Conversely, in most cases, these 
caps have been well below the levels that demand would be will-
ing to pay. Thus, price caps not only affect the optimal program-
ming in the short term but also negatively condition investment 
decision-making processes as they lead to underinvestment. As 
Joskow has repeatedly argued in his publications, short-term 
prices are distorted not only by price caps but also by many out-
of-market actions by an independent system operator to reduce 
demand administratively, such as voltage reductions and non-
price rationing of demand (rolling blackouts).

In the long term, electricity prices, like those of many other 
assets or services, are subject to a growing number of uncer-
tainties. These especially affect investors in generation resources 
due to the capital-intensive nature of these assets. Given this 
reality, theoretically, it is expected that the demand seeks 
to sign some type of long-term hedge, which in turn would 
allow investors to mitigate their risk aversion. The fact that 
this does not happen is the main cause that provides regulators 
with a justification to intervene in the market, imposing on 
the demand the obligation to contract a long-term guarantee, 
or buying such a guarantee on its behalf. These regulatory 
“solutions” include not only the so-called capacity remunera-
tion mechanisms (CRM, the name commonly accepted in 
the EU context) but also other centrally designed long-term 

mechanisms, such as the RES support mechanisms devel-
oped worldwide, auctions for long-term energy contracts 
implemented in South America, the Hinkley Point C contract 
signed by the U.K. government, or California’s storage man-
date (mentioned previously).

Price Caps and the Missing Money Problem
The main theoretical argument that originally justified the need 
to design capacity mechanisms (payments/markets) was that the 
existence of price caps and other out-of-market actions previously 
mentioned led to the well-known “missing money problem.” 
Under scarcity conditions, the market price should be equal to 
the price the demand is willing to pay for not being interrupted. 
According to its original formulation, the problem arises when 
investments made under the expectation to benefit from high 
prices when the system is tight cannot actually receive this income 
because the regulator decides to set a maximum price limit.

Although the missing money problem has not ceased to be 
pointed out as key to the need to implement a CRM, experience 
does not seem to prove that it has really been instrumental. 
In fact, the largest investment period in electricity generation 
occurred in the late 1990s and early 2000s, just when adminis-
tratively defined maximum prices were far more restrictive. 
For instance, despite the existence of price caps, according to 
the data provided by the U.K. Department of Energy and Cli-
mate Change in 2005 (Digest of U.K. Energy Statistics), the 
installed capacity in 1993, two years after the market started, 
was close to 65 GW and 10 years later it amounted to 75 GW 
(around 25 GW of new CCGTs were installed in that period). 
For example, similar phenomena took place in Spain and 
Italy after the market was implemented in the late 1990s. 
A similar effect took place in Texas (US$1,000/MWh price 
cap), where the reserve margin increased during the first 
decade of market functioning.

Paradoxically, the investment slowdown took place later, 
when these maximum prices in most markets had been grad-
ually growing. For example, at present, the top price in the 
European day-ahead market is €3,000/MWh (in the intraday 
market it is ±€9,999 and there is no price cap in the subse-
quent market segments; in this case, prices have been freely 
above €10,000/MWh a good number of times). In the day-
ahead energy markets of other continents, high maximum 
prices have been designed, such as the Electric Reliability 
Council of Texas in the United States, where the maximum 
price is US$9,000/MWh, or the National Electricity Market 
in the southeast of Australia, where it is AUD$14,500/MWh 
(approximately US$10,000/MWh). This does not mean that 

End-user retail rate making also requires a modification from  
pricing energy to pricing capacity as well as equitably designing 
fixed charges needed to avoid inefficient self-supply.
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the missing money problem is not an issue anymore, but as we 
later discuss, it is far from being among the main reasons for 
the short-term market failure to attract sufficient investment.

The Political Will and the Investment Side
The liberalization of traditionally regulated activities was 
meant to further efficiency in the operation and planning 
of power systems, mainly based on the proper allocation of 
risk-management responsibilities between regulators and 
stakeholders. It could be expected that market liberalization 
of generation and retail could indirectly even improve the 
efficiency of the transmission and distribution businesses. 
On one side, for example, merchant generation investors 
could put pressure on transmission planners to expand the 
network in a more efficient way, while on the other side, 
more active end users could reveal different values of qual-
ity of service, useful to support the planning task of distribu-
tors. But there were three main dimensions in which market 
liberalization was supposed to significantly improve the 
overall system performance: 1) operation (increasing the 
efficiency of the economic dispatch, which often had lacked 
transparency and, in some cases, was heavily influenced by 
diverse political interests); 2) capacity expansion planning, 
assuming that market agents would make wiser investment 
decisions, or at least, that they would bear the costs of wrong 
ones; and 3) eventually, retail as a way to engage end users 
in the decision-making process at all levels, as it nowadays is 
starting to take place by taking advantage of the development 
of distributed energy resources and the Internet of Things.

However, in such a capital-intensive industry, the key 
dimension in which competition was expected to bring sig-
nificant gains was on the generation investment side. Eco-
nomic dispatch could certainly be improved but, compara-
tively, no great savings could be expected, and it was, and 
still is, unclear which additional benefits retail market lib-
eralization could entail compared to those derived from the 
implementation of well-designed, sufficient, and not politi-
cally interfered regulated end user rates.

Until investment decisions were left to market forces and 
since planning errors committed in regulated environments 
were paid for by customer tariffs, utilities had weak incentives 
to make efficient decisions. Examples of erroneous-planning 
investment decisions under traditional regulation were not 
difficult to find. Some examples are the nuclear development 
plan in Spain in the 1980s, later followed by an expensive 
moratorium imposed by the government (25% rate surcharge 
for 25 years), and the large hydro projects undertaken in Latin 
American countries that overran their budgets and drastically 
increased state debt. At the same time, as previously men-
tioned, publicly owned utilities were unable to stop burning 
expensive and inefficient national fuels (such as the autoch-
thonous British or Spanish deep-mine coal).

The alleged key objective of market deregulation was to 
take investment decision making out of the hands of gov-
ernments and give it to market investors. This is one of the 

main motivations of the World Bank and other development 
banks in certain developing countries. But at the same time, 
some other relevant governments wanted to be relieved of 
the responsibility of guiding capacity expansion. As previ-
ously mentioned, the British government in the early 1990s 
was a good example.

However, this construct ended with the advent of initia-
tives to decarbonize the economy and the planet. The elec-
tric power sector is a key lever to achieve this aim. Policy 
makers have decided that different rules are needed to pur-
sue a higher-order decarbonization objective.

Take, for instance, the case in the United States, which 
includes trans-state short-term energy markets comple-
mented with 1) capacity markets that treat various technol-
ogies differently as the methodologies to allocate capacity 
credits respond to diverse criteria, 2) renewable portfo-
lio standards at the state level fixing different quotas for 
various technologies and time terms, 3) federal production 
and investment tax credits, 4) net metering and net billing 
state policies rewarding distributed generation in diverg-
ing ways, 5) energy storage mandates in force in seven 
states as of June 2020, 6) regulated programs to support 
nuclear investments (for example, the Clean Energy Standard 
implemented in New York), and 7) different out-of-market 
demand response programs.

In the European continent, things are not very differ-
ent. For instance, in Great Britain: 1) a capacity market 
was implemented but later suspended in 2019 following the 
decision of the General Court of the EU; 2) renewables are 
supported through feed-in tariffs, a contracts for difference 
scheme, and a tax regulation mechanism; 3) at the time of this 
writing, the carbon price is made up of the EU emissions trad-
ing system price and the carbon price support rate, the latter 
price set by the British government and largely uncertain after 
Britain’s exit from the EU; and 4) a RAB model for nuclear 
is currently open and under intense discussion. As these two 
examples show, mechanisms are not only uncoordinated as 
they depend on different institutions at different jurisdictional 
levels but also are extremely subject to unexpected changes.

In addition, due to the push on RES and CO2 reduction 
objectives and the increase of gas prices in some jurisdictions 
(certainly not the case in the United States after the advent 
of shale gas), governments started to realize that retail prices 
were not going to necessarily decrease as initially expected. 
Thus, the initial expectation that political interference was 
not going to be a factor cannot be held anymore, and also 
the uncertainty linked to the investment decision-making 
process is now significantly higher than at the time the liber-
alization processes started.

As initially mentioned in the enumeration of factors, there 
are also some other less relevant factors that are turning lib-
eralization into something more complex. When we expected 
mainly gas-fired plants, transmission planning was not per-
ceived as an instrumental problem to allow for competition. 
In principle, gas plants could rely on the development of the 
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gas transmission network, but siting was not critical. As a 
result, transmission planning developed by independent sys-
tem operators or transmission system operators did not nec-
essarily have to be a key conditioning factor for competitive 
investors. But renewables change the whole thing. Take, as 
examples, the onshore wind resources in the U.S. Midwest, 
the offshore wind resources in the North Sea, and the avail-
ability of solar photovoltaics (PVs) in northern Africa. These 
locations have outstanding renewable potential, but they are 
far from the main load centers. All of these resources need 
a previous decision from transmission planners, who have 
to decide which locations make more economic sense, and 
therefore critically condition the competition for access. 
Also, the necessary new transmission links often involve 
different state administrations, complicating the siting pro-
cess and leading to unexpected delays that are outside the 
control of generation investors.

Expansion Planning, Long-Term Supply Guarantee,  
and Higher-Order Objectives
The main objective of capacity expansion planning has 
changed dramatically. Originally, the objective was to supply 
demand growth while guaranteeing certain reliability levels. 
Since several technologies could achieve this aim, the main 
consideration was cost-effectiveness. Again, CCGTs were 
in the best position. Currently, objectives are more ambi-
tious since decarbonizing is a key priority. The challenge is 
not just that needed technologies happen to be more expen-
sive and complex than the original ones. At this stage, there 
are no technologies available to go beyond approximately 
80% decarbonization. Technological innovation is needed 
with appropriate market incentives. The promotion of wind 
and solar has been at least somewhat effective as costs have 
been reduced to very reasonable levels. Additional develop-
ment is now needed for energy storage or carbon capture 
and sequestration, and these technologies appear to be even 
less mature than wind and solar PVs were a decade ago. 
We can expect cost reductions on 4-h lithium-ion batteries, 
but to go beyond 80% decarbonization we need affordable 
large-capacity batteries or some new technology that has 
yet to be envisioned. Again, it is not realistic to expect that 
short-term market prices will provide sufficient incentive 
for these technological developments.

When the liberalization of the European electrical sys-
tems was developed during the 1990s and the first half of 
the 2000s, it was an incentive for electric companies, which, 
perceiving the existence of new competitors, launched them-
selves with determination to undertake new investments. In 
the Spanish case, between 2002 and 2008, about 22 GW of 
gas-combined cycle plants were brought online, which rep-
resented 32% of the current total installed capacity.

However, as Figures 1 and 2 show, things did not turn out 
as expected. A good part of the new investments in genera-
tion was made at the start of the first decade of this century 
when demand growth was very significant. In the middle of 

the decade, this growth began to dissipate. Subsequently, the 
severe economic crisis that affected the economy of the EU 
resulted in a dramatic correction of the expected increase in 
demand that, in fact, not only stopped growing as expected 
but significantly decreased. From 1995 to 2005, electricity 
consumption in the EU increased more than 20%, which, 
projected, would have led to consumption in 2015 of about 
4,000 TWh. Between 2005 and 2011, it decreased by about 
3%, fewer than 1,000 TWh out of the 4,000 TWh that had 
been expected by the most optimistic forecasts. This factor 
in itself was more than enough to disrupt the sector, increas-
ing future risk aversion when facing new investments.

In addition to the aforementioned decrease in demand, 
technology advancements and regulatory encouragement 
have boosted the penetration of renewable sources (see 
Figure 2). This situation has affected the profitability of 
merchant plants, including those installed after the start of 
the market. Load factors and prices have been lower than 
expected and thus income.

These factors led to the utilization factor of the new 
investments reaching significantly lower levels than inves-
tors could expect in the lowest of their original forecasts. For 
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figure 1. Net electricity generation, EU-28, 1990–2018 
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example, between 2010 and 2014 in Italy, the production of 
the new combined cycle units was reduced by almost half; 
the load factor, which was 44% in 2010, was 26% in 2014 
(see Figure 3).

The Temporal Lumpiness of Solar and Storage
There is an inherent disadvantage to investments in solar 
PVs and particularly in storage. The learning curve of 
both technologies keeps improving, so costs keep falling. 
Contrary to conventional generation, these technologies 
are fully scalable and can be planned and installed in a 
few months.

If a solar PVs investor makes a business case analysis 
today in the face of energy market prices, he or she could 
reasonably conclude that investing in a solar farm could 
be in the money. But at the same time, one could quickly 
conclude that, at the current speed of cost reduction of 
solar PVs, in a year the investment very likely will be 
out of money. Thus, if investors cannot find some way to 
capitalize/hedge the value of their investment, the ratio-
nal decision is to wait. This is particularly acute in the 
case of storage. Storage is supposed to be financially jus-
tified by its ability to capture off-peak/peak spreads. But 
it is well known that a modest amount of storage quickly 
reduces the spread, so the deployment of storage negates 
its own use case.

The Perennial Market Incompleteness
In principle, the above-mentioned lumpiness should not be 
an issue in a perfectly functioning and complete market 
when a fully informed and elastic demand side would be 
willing to enter into long-term contracts with solar and stor-
age providers, allowing them to proceed with the investment 
and locking in the benefits their installations would bring to 
the system. But even optimistically assuming that electricity 
end users can soon become elastic in the short term (thanks 
to digitalization, the Internet of Things, and so on), it is far 

from clear that demand will ever be willing to enter into 
long-term commitments. This market incompleteness is at 
the core of the global relevance not only of capacity markets 
(even in the EU, where they were originally perceived as 
an anathema; see Figure 4) but also of long-term auctions 
for renewables.

In the particular case of RESs, it is increasingly argued 
that, due to the extreme improvement of the learning curves, 
there is no longer a need to design any sort of support 
mechanism, not even auctions for long-term contracts. This 
argument, in our view, does not properly take into consid-
eration two still relevant key factors: vertical integration 
(generation and retail) and the need to organize access, 
thus allowing for the coordinated expansion of the trans-
mission network. Vertical integration, a factor in the major-
ity of systems where retail business has been liberalized, 
can become an entry barrier for new investors in RESs as 
they have larger difficulties finding counterparties to sign 
the power purchase agreements required to properly finance 
their projects. At the same time, long-term auctions are also 
a helpful tool to guide future transmission network needs. 
For example, in the Spanish power system where the peak 
load is currently lower than 50 GW, the transmission sys-
tem operator has applications for connecting up to 80 GW 
of new RESs. While direct subsidies might be no longer 
needed, keeping some sort of longer-term tendering is still 
advisable. For the aforementioned reasons as well as some 
others, it should not be expected that RESs are going to be 
deployed efficiently if investors do not have access to long-
term contracts of any kind.

In summary, a core criterion for designing a proper 
decision-making procedure is that risks should be allocated 
among those best prepared to manage them. In the early 
1990s, the main risks that investors had to face were linked 
to construction, fuel contracting (take-or-pay, tolling, and so 
on), operation and maintenance (O&M), and competitors’ 
decisions. These risks could reasonably be expected to be 
managed by the private sector. Currently, business investors 
face significant technological uncertainties and changing 
public policies and regulations. As market agents struggle 
with these risks, we argue that policy makers and regulators 
need to become involved with shaping the marketplace.

Conclusions and Recommendations
There is little doubt that the questions addressed in the 
seminal works of the 1980s need to be revisited: the inter-
play between regulation (centralized planning) and market 
forces must be reconsidered, and the relations among trans-
action characteristics and contractual and other governance 
structures need to evolve with the times. In addition, short-
term pricing mechanisms will continue to be instrumental 
in guiding optimal operation and investment decisions and 
will need to be capable of involving power system agents 
all the way down to the last kilometer as well as to properly 
coordinate with regulatory-driven, long-term signals. These 
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regulatory challenges can be categorized along three major 
interrelated lines.

Redesign of Short-Term Market Mechanisms
The variability and low marginal operating costs associ-
ated with intermittent generation at scale lead to significant 
changes in energy market price dynamics. In this context, 
storage and eventually demand response appear as impor-
tant tools to maximize the value of RES generation. The 
short-term market design needs to allow for the efficient and 
comprehensive integration of such technologies to reward 
flexibility and accurate forecasting while enhancing liquid-
ity and transparency. Specific issues include, for instance, 
operating reserve demand curves or intraday and very short-
term pricing mechanisms. Auction rules in these mecha-
nisms should be further developed to allow for a level play-
ing field among all technological alternatives, accounting 
for their new operational constraints without segmenting the 
market. For better integration of small-scale resources, new 
market design solutions are required for the participation of 
independent flexibility aggregators, while at the same time 
guaranteeing efficient interplay with retailers.

Minimizing Market Distortions
With recent renewed interest in integrated resource planning 
to achieve decarbonization, it is important to explore ways to 
reduce the distortions of the regulatory design mechanisms 
to guide new investments. Examples include explicit and 
implicit technology subsidies, CRMs, mandated long-term 
contracts, and new RAB models applied to certain tech-
nologies. This effort requires, for instance, a shift in focus 
from pricing energy to pricing capacity as well as replacing 
administratively determined subsidy levels with competitive 
price discovery methods. Additionally, as the expansion of 
state regulation continues, more fundamental changes are 
likely to be required in the institutions that determine entry 
and exit decisions.

Tools for Efficient Behavior of End Users: 
Market Participation and Retail Rates
Electricity end users have an unprecedented degree of choice. 
Well-designed price signals are instrumental for the efficient 
deployment and management of distributed energy resources, 
electric vehicles, smart appliances, and energy management 
systems. Yet electricity users invariably face rates and other 
incentives that offer them little guidance on how their myriad 
choices affect the cost of electricity provision. Significant 
developments are still pending, primarily of two types.

1)	 New market processes need to be developed to prop-
erly involve end users in current wholesale market 
mechanisms (from capacity to regulation markets). 
End users need to be efficiently exposed to granular 
price signals (for example, transitioning from the 
widespread use of plain volumetric tariffs and the 
current socialization of imbalance costs), while at 

the same time avoiding inefficient arbitrage oppor-
tunities with dynamic retail rates. Significant ef-
forts are also needed to find ways to coordinate the 
role of aggregators and retailers to avoid undesired 
cross subsidies. 

2)	 End-user retail rate making also requires a modifica-
tion from pricing energy to pricing capacity as well 
as equitably designing fixed charges needed to avoid 
inefficient self-supply.

These regulatory developments should be accompanied 
by a redesign of the current institutional and governance 
framework. Revitalized institutions are necessary to inde-
pendently inform integrated resource planning as well as 
collect fixed charges to pay for short-term products and ser-
vices provided by energy and network suppliers.
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THE BASIC FEATURES OF AN EFFICIENT SHORT-TERM
wholesale market design do not necessarily need to change to 
accommodate a significantly larger share of zero-marginal-cost, 
intermittent renewable energy from wind and solar resources. A 
large share of controllable zero-marginal-cost generation does 
not create any additional market design challenge relative to a 
market with a large share of controllable positive marginal cost 
generation. Regardless of the technology, generation unit owners 
must recover their fixed costs from sales of energy, ancillary 
services, and long-term resource adequacy products.

A larger variance in the hourly amount of energy produced 
by intermittent resources is the primary market design chal-
lenge associated with a zero-marginal-cost renewable future. 
The past 10 years in California have demonstrated that, as the 
amount of wind and solar generation capacity increases, the vari-
ance in hourly energy produced by these resources does too. This 
increase in supply uncertainty also increases short-term price 
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volatility, which can finance investments in storage and 
other technologies that allow consumers to shift their with-
drawals of grid-supplied energy away from periods when 
little wind and solar energy is being produced.

An increased risk of large intermittent energy shortfalls 
and short-term price volatility implies a greater need for 
risk management activities. Greater short-term intermittent 
energy supply risk is likely to require accounting for more 
transmission and generation operating constraints in the 
day-ahead and real-time energy markets as well as purchas-
ing more operating reserves and creating additional ancil-
lary service products. Because controllable generation units 
are likely to have to start and stop more frequently to make 
up for unexpected renewable energy shortfalls, there will be 
a greater need to develop short-term pricing approaches that 
recover the associated start-up and minimum load costs.

The potential for sustained periods of low intermittent 
energy production creates both a medium and long-term 
energy supply risk that requires a new long-term resource ade-
quacy mechanism. The traditional capacity-based approach 
is unlikely to be the least-cost mechanism for ensuring that 
the future demand for energy is met. In a zero-marginal-cost, 
intermittent future, wind and solar resources must hedge their 
energy supply risk with controllable generation resources to 
maintain long-term resource adequacy. Cross hedging between 
these technologies accomplishes two goals: First, it can pro-
vide the revenue stream necessary for fixed cost recovery by 
controllable generation units. Second, it ensures that there is 
sufficient controllable generation capacity to meet demand 
under all foreseeable future system states with a high degree 
of confidence.

The remainder of this article first describes the key fea-
tures of an efficient short-term wholesale market design: a 
multisettlement locational marginal pricing (LMP) market 
with an automatic local market power mitigation (LMPM) 
mechanism, which is the standard market design for all short-
term markets in the United States. This section concludes with 
a discussion of the modifications to this basic design that are 
likely to be necessary to accommodate a larger share of inter-
mittent renewables. 

The second half of the article describes a new long-term 
resource adequacy mechanism for the efficient short-term 
market design for an electricity supply industry with a large 
share of zero-marginal-cost, intermittent renewables. I first 
explain why a wholesale electricity market requires a long-
term resource adequacy mechanism. Then, I describe a man-
dated, standardized long-term contract approach to long-term 
resource adequacy that provides strong incentives for intermit-
tent renewable resource owners to hedge their energy supply 
risk with controllable generation resource owners. I argue that 
this mechanism ensures long-term resource adequacy at a rea-
sonable cost for final consumers while also allowing the short-
term wholesale price volatility that can finance investments in 
storage and other load-shifting technologies necessary to man-
age a large share of intermittent renewable resources.

Short-Term Market Design
More than 25 years of international experience with whole-
sale electricity market design has identified four crucial 
features of efficient short-term market design. First is the 
extent to which the market mechanism used to set dispatch 
levels and locational prices is consistent with how the grid 
and generation units operate. Second is a financially bind-
ing day-ahead market that prices all transmission and gen-
eration unit operating constraints expected to be relevant 
in real time. The third is an automatic LMPM mechanism 
that limits the ability of a supplier to influence the price it 
receives when it possesses a substantial ability to exercise 
market power. The fourth feature is retail market policies 
that foster active participation of the final demand in the 
wholesale market.

The early U.S. wholesale market designs in the PJM Inter-
connection, ISO New England, California, and Texas 
employed simplified versions of the transmission network 
configuration and generation unit operating constraints. 
Similar market designs currently exist throughout Europe 
and the rest of the world. They set a single market-clearing 
price for an hour or half-hour for an entire control area or 
large geographic regions, even though in real time there are 
often generation units with offer prices below this market-
clearing price not producing electricity. Likewise, there 
are units with offer prices above this market-clearing price 
producing electricity. This outcome occurs because of the 
location of demand and available generation units within the 
region, and the configuration of the transmission network 
prevents some of these low-offer price units from producing 
electricity and requires some of the high-offer price units to 
supply electricity.

This approach to short-term market design provides incen-
tives for suppliers to take actions to exploit the fact that “in 
real time physics wins,” rather than offering their resources 
into the day-ahead market in a manner that minimizes the 
cost of meeting demand at all locations in the grid in real 
time. Instead, suppliers take actions in the simplified day-
ahead market that allow them to profit from knowing they 
will be needed (or not needed) in real time because of trans-
mission and generation unit operating constraints.

Locational Marginal Pricing
Starting with PJM in 1998 and ending with Texas in late 2010, 
all U.S. wholesale markets adopted a multisettlement LMP 
market design that cooptimizes the procurement of energy 
and ancillary services and includes an automatic LMPM 
mechanism built into the market software. This design has 
a day-ahead financial market that satisfies the locational 
demands for energy and each ancillary service simultane-
ously for all 24 h of the following day. A real-time market 
then operates using the same network model as the day-ahead 
market adjusted to real-time system conditions. Deviations 
from purchases and sales in the day-ahead market are cleared 
using these real-time prices. Both of these markets price all 
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relevant transmission network and other relevant operating 
constraints on generation units. As I discuss later, this market 
design can foster active participation of final demand in the 
wholesale market.

Only generation unit output levels that are physically 
feasible will be accepted in both the day-ahead and real-
time markets. Prices for the same hour vary depending on 
whether the location is in a generation-deficient or genera-
tion-rich region of the transmission network. The locational 
marginal or nodal price at a given location is the increase 
in the minimized value of the “as-offered costs” of serv-
ing the locational demands for energy and all ancillary 
services as a result of a one-unit increase in the amount 
of energy withdrawn at that location in the transmission 
network. The price of each ancillary service is equal to the 
increase in the optimized value of the objective function as 
a result of a one-unit increase in the demand for that ancil-
lary service.

The recent experience of many European countries with 
significant wind and solar resources indicates that the cost 
of making the final schedules that emerge from their zonal 
markets physically feasible is likely to get even larger as 
the amount of intermittent renewable generation capacity 
increases. According to the European Network of Transmis-
sion System Operators for Electricity, in 2017 these costs 
were more than €1 billion in Germany, more than €400 mil-
lion in Great Britain, more than €80 million in Spain, and 
approximately €50 million in Italy.

Multisettlement LMP Market
A multisettlement LMP market has at least a day-ahead for-
ward market and a real-time market, each of which employs 
the same market-clearing mechanism. The day-ahead mar-
ket typically allows generation unit owners to submit three-
part offers to supply energy: start-up costs, minimum load 
costs, and an energy offer curve. These are used to compute 
hourly generation schedules, ancillary service quantities, 
and LMPs for energy and ancillary services for all 24 h of 
the following day. A generation unit will not be accepted to 
supply energy in the day-ahead market unless the combina-
tion of its offered start-up costs, minimum load costs, and 
energy production costs are part of the least as-offered-cost 
solution to serving the hourly locational demands for all 
24 h of the following day.

The energy schedules that emerge from the day-ahead 
market do not require a generation unit to produce the 
energy sold or a load to consume the energy purchased in 

the day-ahead market at a given location. Any production 
shortfall relative to a day-ahead generation schedule must 
be purchased from the real-time market at that location. 
Any production greater than a generation unit’s day-ahead 
schedule is sold at the real-time price at that location. 
Any additional consumption beyond a load’s day-ahead 
energy schedule is paid for at the real-time price at that 
location, and the surplus of a day-ahead schedule rela-
tive to actual consumption is sold at the real-time price at  
that location.

Mitigating Local Market Power
The configuration of the transmission network, the level and 
location of demand, and the level of output of other genera-
tion units can create system conditions in which almost any 
generation unit or group of generation units has a significant 
ability to exercise unilateral market power. The constrained-
on generation problem is an example of this phenomenon. 
The unit’s owner knows that it must be accepted to sup-
ply energy regardless of its offer price. Without an LMPM 
mechanism, there may be no limit to the offer price the unit 
owner could submit and have accepted to supply energy. 
During the first summer of the California market, when 
there was no formal LMPM mechanism, suppliers submit-
ted extremely high offers for energy and ancillary services 
when these system conditions arose. This logic is why mar-
ket power-mitigation mechanisms typically used in Europe 
and other industrialized regions and initially employed in 
the United States, which designate in advance the offers of 
certain generation units for mitigation for an entire year, 
miss many instances of the exercise of substantial unilateral 
market power.

An automated LMPM mechanism built into the market 
software that relies on actual system conditions to determine 
whether any supplier has a substantial ability and incentive 
to exercise unilateral market power is likely to be signifi-
cantly more effective. This regulator-approved administra-
tive procedure determines 1) when a supplier has an abil-
ity to exercise local market power worthy of mitigation, 2) 
the value of the supplier’s mitigated offer price, and 3) the 
price the mitigated supplier is paid. It is increasingly clear 
to regulators around the world, particularly those that oper-
ate markets with a finite amount of transmission capacity 
and significant intermittent renewable generation capacity, 
that an automatic LMPM mechanism is a necessary feature 
of any short-term market design. Because these LMPM 
mechanisms are built into the market software of all U.S. 

Using short-term pricing to manage the real-time supply and 
demand balance in a wholesale electricity market is limited by a 
finite upper bound on a supplier’s offer price and/or a price cap.
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markets and automatically mitigate the offers of suppliers 
deemed to have a substantial ability to exercise unilateral 
market power, they are effective at preventing the exercise 
of significant local market power with little disruption to the 
operation of the short-term market.

Benefits of a Multisettlement LMP Market
A multisettlement LMP market design can facilitate the 
active participation of final consumers in the wholesale 
market and reduce both the input fuel and total variable 
cost of producing the same amount of thermal energy rela-
tive to the multisettlement zonal market design. The pres-
ence of an automatic LMPM mechanism and make-whole 
payments that guarantee start-up, minimum load, and 
energy cost recovery for the day for all generation units 
committed to operating in the day-ahead market reduces 
the incentive for suppliers to exercise unilateral market 
power. An expected profit-maximizing supplier with no 
ability to exercise unilateral market power will submit an 
offer price equal to its marginal cost because make-whole 
payments ensure recovery of its start-up, minimum load, 
and energy costs.

Because day-ahead purchases are firm financial commit-
ments, a retailer can sell energy purchased in the day-ahead 
market at the real-time price by consuming less than its 
day-ahead energy schedule. This eliminates the need for the 
regulator to set an administrative baseline relative to which a 
retailer sells demands reductions. The day-ahead market also 
allows retailers and large consumers to submit price-sensitive 
bid curves into the day-ahead market to reduce the market-
clearing price and the quantity of energy they purchase in the 
day-ahead market.

Modifications for Large-Scale Intermittent 
Renewables Deployment
A multisettlement LMP market design is capable of manag-
ing a generation mix with a significant share of intermittent 
renewables. However, some modifications are likely to be 
needed as the share of intermittent renewable resources 
increases. Additional operating constraints will need to be 
incorporated into the day-ahead and real-time market mod-
els for reliable system operation with an increased quantity 
of intermittent renewables.

Introducing additional ancillary services to accommodate 
a larger share of intermittent renewable energy may also be 
needed. For example, California introduced a fast-ramping 
ancillary service product that compensates controllable 
generation units not supplying energy during certain hours 
of the day in order to have sufficient unloaded capacity 
to meet the rapid increase in net demand (the difference 
between system demand and renewable generation) in 
the early evening, when the state’s solar resources stop 
producing. Because controllable resources are likely to 
have to start and stop more frequently as the share of inter-
mittent resources increases, implementations of convex 

hull pricing and other market-clearing mechanisms that 
limit the magnitude of make-whole payments will need to 
be developed.

Resource Adequacy With Significant 
Intermittent Renewables
Why do wholesale electricity markets require a regulatory 
mandate to ensure long-term resource adequacy? Electric-
ity is essential to modern life, but so are many other goods 
and services. Consumers want cars, but there is no regu-
latory mandate that ensures enough automobile assem-
bly plants to produce them. They want point-to-point air 
travel, but there is no regulatory mandate to ensure enough 
airplanes to accomplish this. Many goods are produced 
using high-fixed-cost, low-marginal-cost technologies, 
similar to electricity supply. Nevertheless, these firms 
recover their cost of production, including a return on the 
capital invested, by selling their output at a market-deter-
mined price.

So, what is different about electricity that requires a long-
term resource adequacy mechanism? The regulatory history 
of the electricity supply industry and the legacy technology 
for metering electricity consumption results in what I call a 
reliability externality.

The Reliability Externality
Different from the case of wholesale electricity, in the mar-
ket for automobiles and air travel there is no regulatory pro-
hibition on the short-term price rising to the level necessary 
to clear the market. Airlines adjust the prices for seats on 
a flight over time in an attempt to ensure that the number 
of customers traveling on that flight equals the number of 
seats flying. This ability to use price to allocate the avail-
able seats is also what allows the airline to recover its total 
production costs.

Using short-term pricing to manage the real-time supply 
and demand balance in a wholesale electricity market is lim-
ited by a finite upper bound on a supplier’s offer price and/or 
a price cap that limits the maximum market-clearing price. 
Although offer and price caps can limit the ability of sup-
pliers to exercise unilateral market power in the short-term 
energy market, they also reduce the revenues suppliers can 
receive during scarcity conditions. This is often referred to 
as the missing money problem for generation unit owners. 
However, this missing money problem is only a symptom of 
the existence of the “reliability externality.”

This externality exists because offer caps limit the cost 
to electricity retailers of failing to hedge their purchases 
from the short-term market. Specifically, if the retailer or 
large consumer knows the price cap on the short-term mar-
ket is US$250/MWh, then it is unlikely to be willing to 
pay more than that for electricity in any earlier forward 
market. This creates the possibility that real-time sys-
tem conditions can occur where the amount of electricity 
demanded at or below the offer cap is less than the amount 
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suppliers are willing to offer at or below the offer cap. This 
outcome implies that the system operator must be forced to 
either abandon the market mechanism or curtail load until 
the available supply offered at or below the offer cap equals 
the reduced level of demand, as occurred several times in 
California between January 2001 and April 2001 and most 
recently on 14–15 August 2020.

Because random curtailments of supply, also known as 
“rolling blackouts,” are used to make demand equal to the 
available supply at or below the offer cap under these system 
conditions, this mechanism creates a “reliability externality” 
because no retailer bears the full cost of failing to procure 
adequate amounts of energy in advance of the delivery. A 
retailer that has purchased sufficient supply in the forward 
market to meet its actual demand is equally likely to be ran-
domly curtailed as another retailer of the same size that has 
not procured adequate energy in the forward market. For 
this reason, all retailers have an incentive to underprocure 
their expected energy needs in the forward market.

The lower the offer cap, the greater the likelihood that 
the retailer will delay its electricity purchases to the short-
term market. Delaying more purchases to the short-term 
market increases the likelihood of insufficient supply in 
the short-term market at or below the offer cap. Because 
retailers do not bear the full cost of failing to procure suf-
ficient energy in the forward market to meet their future 
demand, there is a missing market for long-term contracts 
for long enough delivery horizons into the future to allow 
new generation units to be financed and constructed to 
serve demand under all future conditions in the short-
term market. Therefore, a regulator-mandated, long-term 
resource-adequacy mechanism is necessary to replace this 
missing market.

Some form of regulatory intervention is necessary to 
internalize the resulting reliability externality unless the 
regulator is willing to eliminate or substantially increase the 
offer cap so that the short-term price can be used to equate 
available supply to demand under all possible future system 
conditions. This approach is taken by the Electricity Reli-
ability Council of Texas, which has a US$9,000/MWh offer 
cap, and the National Electricity Market in Australia, which 
has an AUD$15,000 per MWh offer cap. If customers do not 
have interval meters that can record their consumption on 
an hourly basis, then they have a very limited ability to ben-
efit from shifting their consumption away from high-priced 
hours. All that can be recorded for these customers is their 
total consumption between two successive meter readings 
so they can only be billed based on an average wholesale 
price during the billing cycle. Therefore, raising or having 
no offer cap on the short-term market would not be advisable 
in a region where few customers have interval meters. Even 
in regions with interval meters, there would be substantial 
political backlash from charging hourly wholesale prices that 
cause real-time demand to equal available supply under all 
possible future system conditions.

Currently, the most popular approach to addressing this 
reliability externality is a capacity payment mechanism that 
assigns a firm capacity value to each generation unit based 
on the amount of energy it can provide under stressed system 
conditions. Sufficient firm capacity procurement obligations 
are then assigned to retailers to ensure that annual system 
demand peaks can be met.

Capacity-based approaches to long-term resource ade-
quacy rely on the credibility of the firm capacity measures 
assigned to generation units. This is a relatively straightfor-
ward process for thermal units. The nameplate capacity of the 
generation unit times its annual availability factor is a reason-
able estimate of the amount of energy the unit can provide 
under stressed system conditions. In the case of hydroelec-
tric facilities, this process is less straightforward. The typical 
approach uses percentiles of the distribution of past hydrologi-
cal conditions for that generation unit to determine its firm 
capacity value.

Assigning a firm capacity value to a wind or solar gen-
eration unit is extremely challenging for several reasons. 
First, these units only produce when the underlying resource 
is available. If stressed system conditions occur when the 
sun is not shining or the wind is not blowing, these units 
should be assigned little, if any, firm capacity value. Second, 
because there is a high degree of contemporaneous correla-
tion between the energy produced by solar and wind facili-
ties within the same region, the usual approach to deter-
mining the firm capacity of a wind or solar unit assigns a 
smaller value to that unit as the total megawatts of wind or 
solar capacity in the region increases. These facts imply that 
a capacity-based, long-term resource-adequacy mechanism 
is poorly suited to a zero-marginal-cost, intermittent renew-
able feature.

Supplier Incentives With Fixed-Price Forward 
Contract Obligations for Energy
The standardized fixed-price forward contract (SFPFC) 
approach to long-term resource adequacy recognizes that 
a supplier with the ability to serve demand at a reasonable 
price may not do so if it can exercise unilateral market power. 
A supplier with the ability to exercise unilateral market 
power with a fixed-price forward contract obligation finds 
it expected profit maximizing to minimize the cost of sup-
plying this forward contract quantity of energy. The SFPFC 
long-term resource adequacy mechanism takes advantage 
of this incentive by requiring retailers to hold hourly fixed-
price forward contract obligations for energy that sum to the 
hourly value of system demand. This implies that all suppli-
ers find it expected profit maximizing to minimize the cost 
of meeting their hourly fixed-price forward contract obliga-
tions, the sum of which equals the hourly system demand for 
all hours of the year. 

To understand the logic behind the SFPFC mechanism, 
consider the example of a supplier who owns 150 MW of gen-
eration capacity who has sold 100 MWh in a fixed-forward  
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contract for US$25/MWh for a certain hour of the day. 
This supplier has two options for fulfilling this forward 
contract: 1) produce the 100 MWh energy from its own 
units at its marginal cost of US$20/MWh or 2) buy this 
energy from the short-term market at the prevailing mar-
ket-clearing price. The supplier will receive US$2,500 
from the buyer of the contract for the 100 MWh sold, 
regardless of how it is supplied. This means that the sup-
plier maximizes the profits it earns from this fixed-price 
forward contract sale by minimizing the cost of supplying 
the 100 MWh of energy.

To ensure that the least-cost “make versus buy” deci-
sion for this 100 MWh is made, the supplier should offer 
100 MWh in the short-term market at its marginal cost of 
US$20/MWh. This offer price for 100 MWh ensures that if 
it is cheaper to produce the energy from its generation units 
(the market price is at or above US$20/MWh), the supplier’s 
offer to produce the energy will be accepted in the short-
term market. If it is cheaper to purchase the energy from the 
short-term market (the market price is below US$20/MW), 
the supplier’s offer will not be accepted and the supplier will 
purchase the 100 MWh from the short-term market at a price 
below US$20/MWh.

This example demonstrates that the SFPFC approach to 
long-term resource adequacy makes it expected profit maxi-
mizing for each seller to minimize the cost of supplying the 
quantity of energy sold in this forward contract each hour of 
the delivery period. By the logic of the previous example, 
each supplier will find it in its unilateral interest to submit 
an offer price into the short-term market equal to its mar-
ginal cost for its hourly SFPFC quantity of energy, in order 
to make the efficient “make versus buy” decision for fulfill-
ing this obligation.

Also, because all suppliers know that the sum of the 
values of the hourly SFPFC obligations for all suppliers is 
equal to the system demand, each firm knows that its com-
petitors have substantial fixed-price forward contract obli-
gations for that hour. This implies that all suppliers know 
that they have limited opportunities to raise the price they 
receive for short-term market sales beyond their hourly 

SFPFC quantity. For the previous example, the supplier 
who owns 150 MWs of generation capacity has a strong 
incentive to submit an offer price close to its marginal 
cost to supply any energy beyond the 100 MWh of SFPFC 
energy it is capable of producing. Therefore, attempts by 
any supplier to raise prices in the short-term market by 
withholding output beyond its SFPFC quantity are likely to 
be unsuccessful because of the aggressiveness of the offers 
into the short-term market by its competitors with hourly 
SFPFC obligations.

The SFPFC Approach to Resource Adequacy
This long-term resource adequacy mechanism requires all 
electricity retailers to hold SFPFCs for energy for frac-
tions of realized system demand at various horizons to 
delivery. For example, retailers, in total, must hold SFPFCs 
that cover 100% of realized system demand in the current 
year, 95% of realized system demand one year in advance 
of delivery, 90% two years in advance of delivery, 87% 
three years in advance of delivery, and 85% four years in 
advance of delivery. The fractions of system demand and 
the number of years in advance that the SFPFCs must be 
purchased are parameters set by the regulator to ensure 
long-term resource adequacy. In the case of a multisettle-
ment LMP market, the SFPFCs would clear against the 
quantity-weighted average of the hourly locational prices at 
all load withdrawal nodes.

SFPFCs are shaped to the hourly system demand within 
the delivery period of the contract. Figure 1 contains a sam-
ple pattern of the system demand for a 4-h delivery horizon. 
The total demand for the 4-h is 1,000 MWh, and the four 
hourly demands are 100, 200, 400, and 300 MWh. There-
fore, a supplier that sells 300  MWh of SFPFC energy 
has the hourly system, demand-shaped forward con-
tract obligations of 30 MWh in hour one, 60 MWh in hour 
two, 120 MWh in hour three, and 90 MWh in hour four as 
shown for Firm 1 in Figure 2. The hourly forward contract 
obligations for Firm 2 that sold 200 MWh SFPFC energy 
and Firm 3 that sold 500 MWh of SFPFC energy are also 
illustrated in Figure 2. These SFPFC obligations are also 
allocated across the 4 h according to the same four hourly 
shares of total system demand. This ensures that the sum 
of the hourly values of the forward contract obligations for 
the three suppliers is equal to the hourly value of the sys-
tem demand. Taking the example of hour three, Firm 1’s 
obligation is 120 MWh, Firm 2’s is 80 MWh, and Firm 3’s 
is 200 MWh. These three values sum to 400 MWh, which 
is equal to the value of system demand in hour three, shown 
in Figure 1.

These SFPFCs are allocated to retailers based on their 
share of system demand during the month. Suppose that the 
four retailers in Figure 3 consume 1/10, 2/10, 3/10, and 4/10, 
respectively, of the total energy consumed during the month. 
This means that Retailer 1 is allocated 100 MWh of the  
1,000 MWh SFPFC obligations for the 4 h, Retailer 2 is 
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allocated 200 MWh, Retailer 3 is allocated 300 MWh, and 
Retailer 4 is allocated 400 MWh. The obligations of each 
retailer are then allocated to the individual hours using the 
same hourly system demand shares used to allocate the 
SFPFC energy sales of suppliers to the 4 h. This allocation 
process implies Retailer 1 holds 10 MWh in hour one, 20 MWh 
in hour two, 40 MWh in hour three, and 30 MWh in hour 
four. Repeating this same allocation process for the other 
three retailers yields the remaining three hourly allocations 
displayed in Figure 3. Similar to the case of the suppliers, 
the sum of allocations across the four retailers for each 
hour equals the total hourly system demand. For period 3, 
Retailer 1’s holding is 40 MWh, Retailer 2’s is 80 MWh, 
Retailer 3’s is 120 MWh, and Retailer 4’s is 160 MWh. The 
sum of these four magnitudes is equal to 400 MWh, which 
is the system demand in hour three.

Mechanics of the Standardized Forward 
Contract Procurement Process
The SFPFCs would be purchased through auctions several 
years in advance of delivery to allow new entrants to com-
pete to supply this energy. Because the aggregate hourly 
values of these SFPFC obligations are allocated to retail-
ers based on their actual share of system demand during 
the month, this mechanism can easily accommodate retail 
competition. If one retailer loses the load and another gains 
it during the month, the share of the aggregate hourly value 
of SFPFCs allocated to the first retailer falls and the share 
allocated to the second retailer rises.

The wholesale market operator would run the auctions 
with oversight by the relevant regulator. One advantage of 
the design of the SFPFC products is that a simple auction 
mechanism can be used to purchase each annual product. 
A multiround auction could be run where suppliers submit 
the total amount of annual SFPFC energy they would like 
to sell for a given delivery period at the price for the cur-
rent round. At each round of the auction, the price would 
decrease until the amount suppliers are willing to sell at that 

price is less than or equal to the aggregate amount of SFPFC 
energy demanded.

The wholesale market operator would also run a clear-
inghouse to manage the counterparty risk associated with 
these contracts. All U.S. wholesale market operators cur-
rently do this for all participants in their energy and ancil-
lary services markets. In several U.S. markets, the market 
operator also provides counterparty risk management ser-
vices for long-term financial transmission rights, which 
is not significantly different from performing this function 
for SFPFCs.

SFPFC auctions would be run on an annual basis for 
deliveries, starting two, three, and four years in the future. 
In a steady state, auctions for incremental amounts of each 
annual contract would also be needed so that the aggre-
gate share of demand covered by each annual SFPFC could 
increase over time. The eventual 100% coverage of demand 
occurs through a final true-up auction that takes place after 
the realized values for hourly demand for the delivery period 
are known.

Consider the following two examples of how the true-up 
auction would work. Assume for simplicity, the monthly load 
shares of the four retailers remain unchanged. Suppose that 
the initial 1,000 MWh SFPFC in the previous example sold 
at US$50/MWh. However, suppose that the actual demand 
turned out to be 10% higher in every period as depicted in 
Figure 4, and the additional 100 MWh purchased in the true-
up auction sold at US$80/MWh. If each firm sold 10% more 
SFPFC energy in the true-up auction, this would yield the 
hourly obligations for each supplier indicated in Figure 5. The 
hourly obligations for the four retailers are presented in Fig-
ure 6. These would clear against the average cost of pur-
chases from the original auction and true-up auction of 
US$52.73. If the realized hourly demands are 10% lower 
as demonstrated in Figure 7, the true-up auction would buy 
back 100 MWh of SFPFC energy. If all suppliers bought 
back 10% of their initial sales at US$20/MWh, the result-
ing hourly obligations would be those in Figure 8. The 

10% smaller hourly obligations of 
the four retailers are provided in 
Figure 9, and these would clear 
against the average cost of the ini-
tial auction purchase minus the reve-
nues from the true-up auction sales 
for the required 900 MWh of the 
obligations of US$53.33. 

As depicted in Figures 6 and 9,  
each purchase or sale of the same 
annual SFPFC product is allocated 
to retailers according to their load 
shares during the delivery month. 
If three different size purchases 
are made for the same annual 
SFPFC product at different prices, 
then each retailer is allocated 
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its load share for the month of these three purchases. This 
ensures a level playing field for retailers with respect to 
their long-term resource-adequacy obligation. All retailers 
face the same average price for the long-term resource-
adequacy obligation associated with their realized demand 
for the month.

The advance purchase fractions of the final demand 
are the regulator’s security blanket to ensure that system 
demand can be met for all hours of the year and for all 
possible future system conditions. If the regulator is wor-
ried that not enough resources will be available in time to 
satisfy this requirement, it can increase the share of the final 

demand that it purchases in each 
annual SFPFC auction. As shown 
previously, if too much SFPFC 
energy is purchased in an annual 
auction, it can be sold back to gen-
eration unit owners in a later auc-
tion or the final true-up auction.

Cross hedging between control-
lable generation units and inter-
mittent renewable resources under 
this mechanism can be enforced by 
tying the amount of SFPFC energy 
a generation unit owner can sell on 
an annual basis to the value of their 
firm energy. The system opera-
tor would assign firm energy val-
ues for each generation unit using 
a mechanism similar to what is 
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currently used to compute firm capacity values. Multiply-
ing a unit’s megawatts of firm capacity by the number of 
hours in the year would yield the unit’s firm energy value, 
which is the upper bound on the amount of SFPFC energy 
the unit owner could sell in all auctions for an annual com-
pliance period. Because the firm capacity of a generation 
unit is defined as the amount of energy it can produce under 
stressed system conditions, this limitation on the annual 
sales of firm energy implies that intermittent wind and 
solar resources would sell much less SFPFC energy than 
the total megawatt hours they expect to produce in a typi-
cal year, and controllable generation unit owners would sell 
significantly more SFPFC energy than the total megawatt 
hours they expect to produce in an typical year.

In most years, a controllable resource owner would be 
producing energy in a small number of hours of the year but 
earning the difference between the price at which the energy 
was sold in the SFPFC auction and the hourly short-term 
market price times the hourly value of its SFPFC energy 
obligation for all of the hours that it does not produce energy. 
Owners of intermittent renewables would typically produce 

more than their SFPFC obligation in energy and sell the 
additional energy at the short-term price. In years with a low 
renewable output near their SFPRC obligations, controllable 
resource owners would produce close to the hourly value of 
their SFPFC energy obligation, thus making average short-
term prices significantly higher. However, aggregate retail 
demand would be shielded from these high short-term prices 
because of their SFPFC holdings.

Advantages of the SFPFC Approach  
to Long-Term Resource Adequacy
This mechanism has many advantages relative to a capacity-
based approach. There is no regulator-mandated aggregate 
capacity requirement. Generation unit owners are allowed to 
decide both the total megawatts and the mix of technologies 
to meet their SFPFC energy obligations. There is also no 
prohibition on generation unit owners or retailers engaging 
in other hedging arrangements outside of this mechanism. 
Specifically, a retailer could enter into a bilateral contract 
for energy with a generation unit owner or another retailer to 
manage the short-term price and quantity risk associated with 
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Retailer 3 Holds 270 MWh
Retailer 4 Holds 360 MWh

Total Amount Held by Four Retailers = 900 MWh
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figure 9. The hourly forward contract quantities for four retailers (10% lower). The forward contract obligation per period 
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the difference between their actual hourly load shape and the 
hourly values of their retail load obligation. This mechanism 
provides a nudge to market participants to develop a liquid 
market for these bilateral contract arrangements at horizons 
to a delivery similar to the SFPFC products. Instead of start-
ing from the baseline of a no fixed-price, forward contract 
coverage of system demand by retailers, this mechanism 
starts with 100% coverage of system demand, which retail-
ers can unwind at their own risk.

For the regulated retail customers, the purchase prices 
of SFPFCs can be used to set the wholesale price implicit 
in the regulated retail price over the time horizon that 
the forward contract clears. This would provide retailers 
with a strong incentive to reduce their average whole-
sale energy procurement costs below this price through 
bilateral hedging arrangements, storage investments, or 
demand response efforts.

There are several reasons why this mechanism should be 
a more cost-effective approach to long-term resource ade-
quacy than a capacity-based mechanism in a zero-marginal-
cost, intermittent future. First, the sale of SFPFC energy 
starting delivery two or more years in the future provides a 
revenue stream that will significantly increase investor con-
fidence in recovering the cost of any investment in the new 
generation capacity. Second, because retailers are protected 
from high short-term prices by total hourly SFPFC holdings 
equal to system demand, the offer cap on the short-term mar-
ket can be raised to increase the incentive for all suppliers to 
produce as much energy as possible during stressed system 
conditions. Third, the possibility of higher short-term price 
spikes can finance investments in storage and load-shifting 
technologies and encourage active participation of final 
demand in the wholesale market, further enhancing system 
reliability in a market with significant intermittent renew-
able resources.

If SFPFC energy is sold for delivery in four years based 
on a proposed generation unit, the regulator should require 
the construction of the new unit to begin within a prespeci-
fied number of months after the signing date of the contract 
or require the posting of a substantially larger amount of 
collateral in the clearinghouse with the market operator. 
Otherwise, the amount of SFPFC energy that this proposed 
unit sold would be automatically liquidated in a subsequent 
SFPFC auction, and a financial penalty would be imposed 
on the developer. Other completion milestones would have 
to be met at future dates to ensure the unit can provide the 
amount of firm energy that it committed to provide in the 

SFPFC contract sold. If any of these milestones were not 
met, the contract would be liquidated.

Final Comments
There is no perfect wholesale market design. There are 
only better wholesale market designs, and what consti-
tutes a better design depends on many factors specific to 
the region. The long-term resource adequacy mechanism 
should be coordinated with short-term market design. 
Although there is general agreement on the key features 
of a best-practice, short-term market design, many details 
must be adjusted to reflect local conditions. For this reason, 
wholesale market design is a process of continuous learn-
ing, adaption, and, hopefully, improvement. The standard-
ized energy contracting approach to long-term resource 
adequacy described in this article is an example of this 
process. While it has many features likely to make it sig-
nificantly better suited to a zero-marginal-cost, intermit-
tent-renewables electricity-supply industry, there are many 
details of this basic mechanism that should be adapted to 
reflect local conditions.
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This mechanism provides a nudge to market participants to  
develop a liquid market for these bilateral contract arrangements  
at horizons to a delivery similar to the SFPFC products.



january/february 2021 ieee power & energy magazine  41

E
Digital Object Identifier 10.1109/MPE.2020.3033396

Date of current version: 6 January 2021

Potential North 
American Designs 
Without Fuel Costs

Electricity Market 
of the Future

 By Erik Ela, Andrew Mills, 
Eric Gimon, Mike Hogan, 
Nicole Bouchez, 
Anthony Giacomoni, 
Hok Ng, Jim Gonzalez, 
and Mike DeSocio

©
S

H
U

T
T

E
R

S
TO

C
K

.C
O

M
/K

H
A

K
IM

U
LL

IN
 A

LE
K

S
A

N
D

R

ELECTRICITY MARKETS IN THE UNITED STATES
and Canada have evolved since their inception in the late 
1990s and early 2000s. Not all states and provinces moved 
toward restructured organized electricity markets, but rather 
those that have belonged to markets operated by independent 
system operators (ISOs) and regional transmission organiza-
tions, with designs developed through stakeholder processes 
and approved through state, provincial, or federal agencies, 
such as the Federal Energy Regulatory Commission (FERC).

Areas in the western United States are also beginning 
to join organized markets. Differences in design exist due 
to regional characteristics and stakeholder processes, 
but most continue to converge to a common set of design 
features: locational prices based on marginal costs, bid-
based security-constrained economic dispatch, and day-
ahead and real-time auctions for energy co-optimized 
with ancillary services for common grid services. A 
question that often comes up is whether these market 
designs are sufficient for systems dominated by resources 
lacking fuel costs and possessing other unique character-
istics or whether substantial changes may be necessary 
to ensure economic efficiency and reliability.
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States, utilities, and companies have introduced mandates 
or goals to supply 100% of energy by renewable resources or 
nonemitting resources. (See Figure 1.) As of early May 2020, 
16 states have adopted 100% clean/renewable mandates or 
targets, and more have adopted less-stringent goals. Finally, 
many of the organized markets are already experiencing 
high levels of instantaneous amounts of variable renewable 
energy (VRE), such as wind and solar. These experiences 
demonstrate that studying power systems with 100% zero-
fuel-cost supply is not an academic exercise. Efficiently 
designed electricity markets can enable solutions to meet 
these goals while providing affordable and reliable electric-
ity to consumers.

In this article, the authors discuss some key challenges and 
potential options for designing electricity markets when the 
supply fleet lacks fuel costs. This includes the transition to meet 
these goals as well as the designs incentivizing the investment 
in and operation of the future supply fleet. Before describing 
potential future designs, it is important to highlight current 
efforts to overcome challenges and improve market designs.

Key Questions Facing Market Designers
With decarbonization goals, the future supply fleet may look 
quite different from the current one. It may consist of sub-
stantial amounts of VRE and hydropower, other enabling 
technologies like short-term or seasonal electric storage, 
greater levels of responsive demand, and local resources of 
numerous technology types (either on the distribution system 
or customer sited). It may also consist of other low-carbon 
resources like nuclear power and some remaining efficient 
thermal plants. Except for some remaining fuel-burning 
technologies, the future and current supply fleets will have 
something in common: variable operating costs that are not 
dependent on fuel costs.

At the core of any future scenario is VRE. VRE has sev-
eral unique characteristics that are important to consider, 
given the quantities of VRE that may be present in these sce-
narios. VRE production depends on the weather, meaning 
that the available energy changes across time and cannot be 
predicted with perfect accuracy. VRE also has other unique 
technical characteristics, such as its inverter-based interface. 
Finally, because VRE depends on the weather for produc-
tion, it has essentially zero variable costs, with most of its 
costs tied to capital. Each of these characteristics may influ-
ence future electricity market outcomes in different ways.

Similar to other commodities, wholesale electricity prices 
indicate when supply is limited and demand reduction is 
most valuable (high-price periods) or when supply is abun-
dant and increased demand can be met with little additional 
cost (low-price periods). These wholesale pricing signals 
provide a coordinating role across various decisions, both 
for short-run operational decisions and long-run investment 
and retirement decisions. In recent years, the dominant 
driver of annual changes in average wholesale electricity 
prices has been natural gas prices, as natural gas generators 

have been the predominant price-setting technology. Over 
the past decade, the boom in U.S. shale gas production has 
driven prices well below their historical averages.

Growth in VRE is starting to have noticeable effects 
on wholesale electricity prices. VRE’s lack of fuel costs 
pushes the supply curve out during periods of high VRE 
production. Without corresponding growth in demand or 
the retirement of surplus capacity, this results in the merit-
order effect, that is, lower electricity prices. It also can lead 
to more variable prices across time and space as well as 
impacts on the prices of ancillary services, depending on 
conditions. However, the true impact on prices is not always 
simple to understand or predict.

The impacts of increased solar production on price pat-
terns are obvious in the California ISO (CAISO), where solar 
produced more than 18% of annual demand in 2019. This 
has contributed to lower prices during midday, particularly 
in spring, but also pushes high-priced periods into the early 
evening after sunset. Thermal resources that are decommit-
ted during midday may find it more difficult to supply energy 
after sunset because of commitment constraints. These tem-
poral patterns and variability effects of prices can incentiv-
ize increased flexibility from both the supply and demand 
sides. The springtime supply abundance can also impact the 
ability to provide downward reserves from resources that are 
required to be online and generating above a minimum level. 
Thus, reductions in energy prices can simultaneously occur 
with increases in downward reserve prices (Figure 2).

Lawrence Berkeley National Labs has performed several 
simulations of market prices in futures with higher VRE pen-
etrations for various U.S. regions, which show similar trends 
as the historic declining price impacts. Higher VRE levels 
were observed to lower average energy prices, increase price 
variability, increase the frequency of zero-energy prices, 
and increase prices for ancillary services. A variety of other 
studies have shown a range of wholesale price impacts from 
VRE, using a variety of different assumptions affecting the 
results (Table 1). The range in values demonstrates the dif-
ficulty in trying to predict this impact.

Although these simulations show a reduction in average 
energy prices due to increased VRE, this may not necessar-
ily be the case on future systems approaching 100% renew-
able energy. Several assumptions in these studies may not 
always hold in practice. It is not clear that wholesale prices 
will simply decline, as observed in studies. This may depend 
on many factors, such as

✔✔ the market structure, including compensation and in-
vestment incentives beyond energy markets (e.g., ca-
pacity markets)

✔✔ exogenous planning reserve margins 
✔✔ outside policies influencing investment 
✔✔ responsiveness of demand to price 
✔✔ the existence and settings of administrative shortage 
pricing 

✔✔ VRE locations and the correlation of production 
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Source: EQ Research Policy
Vista Legislative Tracking
Database as of 15 March 2019

Note: Map assumes New Mexico SB 489 is enacted.
HI: 2045 

(Renewables)

CA: 2045
(Clean) 

CT: 2045
(Renewables)

WA: 2045
(Clean)

DC: 2032 (Renewables) 

MT: 2050
(Renewables)

VA:  2036 (Clean)

MD: 2040 (Renewables) 

MA: 2045
(Renewables)

MN: 2045–2050
(Clean)

NJ: 2035 (Renewables)

NY: 2030, 2040
(Clean)

NM: 2045–2050
(Clean)

TX: 2050
(Renewables)

IL: 2030 (Clean),
2050 (Renewables)

WI: 2050
(Clean)

FL: 2050 
(Renewables)

Legislation to Study 100% Clean Electricity Introduced

Legislation Introduced on 100% Clean Electricity Standard

Legislation Enacted on a 100% Clean Electricity Standard

Governor Supports 100% Clean Electricity, But No Bills Introduced

Legislation Anticipated on 100% Clean Electricity to be Introduced in 2019

Key

(a)

(b)

IA: 2050
(Renewables)

figure 1. U.S. goals for (a) states and (b) utilities (representative examples). (Continued)
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✔✔ the cost-effectiveness and ability of enabling techno
logies that mitigate temporal supply and demand 
concentrations. 

Other questions have piqued the interest of market design-
ers. If electricity markets do not incentivize resources for 
supplying emission-free energy, how would the resource mix 
transition to the scenarios being discussed? If the transition is 
supported outside of electricity markets, how will this impact 
optimal solutions? If the variability of VRE increases the need 
for flexibility, will the markets incentivize those attributes? 
How important will future ancillary service markets be? Will 
VRE variability increase price volatility, or will enabling 
resources take advantage and reduce the variability? Will 
VRE forecast errors cause greater uncertainty of prices 
and divergence between day-ahead and real-time markets? 
Will unit commitment procedures be necessary, or, if not, 
how must the market clearing models be enhanced? How 
will transmission flows and congestion price hedging be 
impacted if increased variability is present? How will grow-
ing amounts of small resources, either residentially owned 
or located on distribution systems, compete in wholesale 

markets? Finally, will wholesale and retail designs enable 
consumers to react to prices in meaningful ways? These are 
some of the many questions that market designers must 
consider when evaluating how markets may evolve to allow 
for an economic, reliable, and environmentally responsible 
electric power system.

What Does a Future Market Design 
Need to Do?
Today, marginal cost pricing provides several benefits. It 
incentivizes resources to use low-cost fuels and improve heat-
rate efficiency to generate more energy per unit of fuel con-
sumed. It also provides rents for resources that are inframar-
ginal. Locational pricing motivates suppliers to build in areas 
with the highest value. Ancillary service co-optimization 
prompts resources to provide services that are most valuable 
to the grid at the least cost. Lastly, designs such as shortage 
pricing primarily incentivize resources to provide energy and 
services at critical time periods. Many of these attributes will 
remain important in the future system, but some may be less 
significant. For example, there may not be fuel to procure 
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figure 1. (Continued) U.S. goals for (c) The most recent instantaneous VRE penetration records. Data are accurate as of 
September 2020. (Source: Electric Power Research Institute and Energy Systems Integration Group; used with permission.) 



january/february 2021	 ieee power & energy magazine 	 45

nor heat rates to make efficient. Unit commitment costs may 
be negligible, and installed capacity may not be the primary 
attribute signifying supply adequacy. Many participants may 
bid into the market based not on fuel costs but on opportu-
nity costs. For example, the opportunity cost of demand-side 
resources is based on forgoing or shifting consumption, and 
the opportunity cost of energy-limited resources is based on 
the potential lost profit if energy produced cannot be sold 
later due to lack of energy stored. Moreover, price signals 
may be needed to incentivize attributes or behaviors that are 
abundant today but may become crucial and in short supply 
in the future.

At the onset of electricity sector restructuring, market de
signers considered what markets should be signaling. This is 
as important now as it was then, and while the resource mix is 
changing dramatically, the principles are mostly unchanged. 
A research team led by Energy Innovation, an energy policy 

research firm, recently evaluated possible options for future 
electricity market designs. The team established 10 key prin-
ciples for wholesale electricity markets, which ensure eco-
nomic efficiency, reliability, and technology neutrality. The 
Energy Systems Integration Group (ESIG) also held a work-
shop “toward 100%,” with six important tracks on key chal-
lenges. One of those tracks was on future markets, where the 
participants discussed key challenges and potential strategies. 
Numerous ISOs and regional transmission organizations  in 
North America have also authored studies and reports look-
ing at future resource mixes with very high VRE, including 
New York Independent System Operator (NYISO), Southwest 
Power Pool (SPP), and others.

The Energy Innovation team established that wholesale 
electricity markets should do the following:

1)	 accommodate rapid decarbonization, providing oppor-
tunities for the participation of zero-carbon resources 
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2)	 support grid reliability so that the incremental costs 
of reliability do not exceed 1) the amount customers 
would knowingly be willing to pay or 2) incremental 
benefits

3)	 promote short-run efficiency through the optimized 
dispatch of the lowest-cost resource mix

4)	 facilitate demand-side participation and grid flexibility
5)	 promote long-run efficiency, including efficient, com-

petitive entry into and exit from the market, under con-
ditions of significant uncertainty

6)	 minimize the exercise of market power and manipulation
7)	 minimize the potential for distortions and interventions 

that would prevent or limit markets’ ability to achieve 
efficient outcomes, consistent with the public interest

8)	 enable the adequate financing of resources needed to 
deliver cost-effective reliability based on the efficient 
allocation of risk (i.e., those that can best mitigate risk 
should bear it), preventing customers from bearing the 
cost of poor investment decisions

9)	 be capable of integrating new technology as needs 
evolve, adapting as technology changes

10)	 have designs that are readily and realistically imple-
mentable.

Three broad philosophies stem from these princi-
ples. First, real-time prices should indicate reliability needs 
and incremental changes in supply and demand in the most 
granular way possible. Second, a market must transform 
physical system risk shared by all into fiscal risk shared 
out proportionally (no free riders/no market manipulation). 
Energy markets should aim to be able to manage as many 
situations as possible by raising or lowering prices. Finally, 

the market should be investable. The market must pro-
vide sufficient revenue to attract investment in assets that 
improve reliability or economic efficiency and promote the 
orderly retirement of costly, inefficient resources that are 
no longer needed. 

The markets track of the ESIG workshop developed 20 
questions requiring further examination. The track discussed 
key challenges and explored two exercises to see whether 
the solutions differ: designing markets for 1) a system that is 
100% renewable and whose market could be designed from 
scratch or 2) a system still in the process of transitioning 
to 100% renewable. Topics ranged from how and what reli-
ability services need to be incentivized to how an optimal 
resource mix can be attained. Price-responsive demand was 
a key enabler in all the discussions. With it, the group found 
the challenges easier to address, but without it, the challenges 
were difficult to overcome. Given the lack of fuel costs, the 
following behaviors and attributes, which may need signals to 
incentivise them, were  highlighted: 

✔✔ reducing fixed, capital, and operations and mainte-
nance costs

✔✔ locating resources where they provide value and with 
the least overall cost, including infrastructure

✔✔ locating resources where they can provide the most 
energy without severely impacting reliability

✔✔ reducing the negative effects of forecast errors
✔✔ providing the most important reliability services at 
times when they are most needed

✔✔ transferring energy from times of ample supply to pe-
riods where supply is needed

✔✔ consuming energy at times when the cost to do so is ac-
ceptable and reducing consumption 
when it is not.

Market Operators 
Are Adapting Now 
to Prepare for the 
Transition
In the United States and Can-
ada, many organized markets are 
a l ready observing h igh VRE 
levels. In the early morning of 
27 April 2020, the SPP reached 
more than 73% of its instanta-
neous power provided by VRE. 
Many regions also have the chal-
lenge of market designs that must 
ha rmonize with pol icy deci-
sions made outside of the market. 
Thus, market operators across 
the continent have been facili-
tating design changes to enable 
new technologies to participate, 
ensure reliability in the face of 
emerging challenges, and provide 

table 1. The change in average wholesale electricity price and the VRE 
penetration increase for several recent studies in the United States.

Study Market Region

Change in Price (US$/MWh) 
per Percentage Increase in 
VRE Penetration

Brancucci Martinez-Anido et al. (2016) ISO New England $−0.15

Deetjen et al. (2016) ERCOT $−0.25

EnerNex (2010) Eastern 
Interconnection 

$−0.45

Fagan et al. (2012) Midcontinent ISO $−0.28

GE Energy (2014) PJM $−0.50

LCG Consulting (2016) ERCOT $−0.52

Levin and Botterud (2015) ERCOT $−0.41

Mills and Wiser (2012)—Solar CAISO $−0.13

Mills and Wiser (2012)—Wind CAISO $−0.10

New England States Commission  
on Electricity (2017)

ISO New 
England

$−0.80

New York ISO (2010) NYISO $−0.45

ERCOT: Electric Reliability Council of Texas.
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signals that lead to optimal operation and investment of the 
supply fleet.

95% Zero-Carbon Energy  
Production in Ontario
In the span of 10 years, Ontario transformed its supply mix 
to produe 95% of its energy carbon free by phasing out 
coal resources from 2005 through 2014. The existing capac-
ity from nuclear and hydro largely 
remained, while coal was replaced 
by natural gas, wind, and solar. 
The electricity market operated 
fundamentally in the same man-
ner throughout this transforma-
tion using bid-based economic 
dispatch. Transmission-connected 
VRE was required to be dispatch-
able and bid into the market. As 
more VRE capacity connected 
to the system, electricity prices 
trended lower, demonstrating the 
merit-order effect, as discussed 
previously (see Figure 3). Recent 
prices have been, on average, one-
third of the levels cleared from the 
market before the start of phasing 
out coal.

This transition has not resulted 
in binary market pricing outcomes 
of either zero dollars when VRE 
is marginal or a large spike when 
natural gas resources are. Ontario 
has a unique combination of zero-
carbon resources in its hydro fleet 
that, while having no fuel costs, 
does have other imposed vari-
able costs due to its dependency 
on water conditions. These prices 
range from negative values, rep-
resenting costs incurred with non-
production, to hundreds of dollars 
per megawatt, indicating limited 
water availability and opportunity 
costs. This is in comparison to nat-
ural gas fuel costs ranging in the 
tens of dollars to produce a mega-
watt hour of energy. The hydro 
portion of the supply curve has 
been preserved but shifted by the 
addition of VRE. For Ontario, the 
market design in place has been 
sufficient to efficiently dispatch 
the new supply mix. The vari-
ability and uncertainty of VRE 
resulted in greater price volatility, 

demonstrating the increased need for system flexibility and 
other products.

Some Regions Are Evaluating Putting  
a Price on Carbon
There is a strong potential synergy between wholesale elec-
tricity markets and renewable technology targets. Applying 
a price to carbon dioxide emissions in wholesale electricity 
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markets would help send efficient price signals to market 
participants about the value of clean energy resources and 
align electric systems with decarbonization goals. It may 
also accelerate the transition to a clean energy future by 
directly incentivizing new entry of low-carbon resources 
in locations where they would displace the most carbon 
dioxide emissions.

In New York, there has been interest in pricing carbon 
dioxide emissions in addition to the state’s current partici-
pation in the Regional Greenhouse Gas Initiative (RGGI), a 
cooperative effort among 10 Northeastern states to cap and 
reduce power sector carbon dioxide emissions. NYISO, in 
conjunction with its stakeholders, developed a design where 
the state sets a social cost of carbon as a price per ton of 
carbon dioxide emitted based on state goals and the envi-
ronmental impact. The emitting generators pay for the car-
bon dioxide they release into the atmosphere. Participants 
receive economic incentives to invest in low-carbon tech-
nologies, and existing participants receive incentives to 
reduce their carbon emissions. The revenue collected from 
emitting resources is then returned to wholesale customers. 
The design also addresses emissions-leakage concerns with 
neighboring states. Leakage refers to a situation in which 
there are shifts in generation and emissions from resources 
subject to a carbon price to higher-emitting resources that 
are not. Leakage can hinder emissions-reduction policies 
when energy from higher-emitting resources outside of the 
carbon pricing region displaces efficient, lower-emitting 
resources within the region. Also, unmitigated leakage 

can potentially impact investment decisions and consumer 
costs throughout the system. The way the NYISO design 
alleviates these concerns is by charging a price at New 
York’s electrical border that does not reflect the carbon 
price so that a cheaper, higher-emitting supply would not 
gain market share.

An analysis of the proposal has shown that it would
✔✔ reduce the consumer cost of reaching the state’s goal 
of 100% carbon-free emissions by 2040

✔✔ help grow investment and innovation in clean energy 
generation

✔✔ promote innovation and efficiency in fossil fuel 
technology

✔✔ improve public health by encouraging retirement of 
the highest-emitting generators.

The design has proceeded through the NYISO stake-
holder process and now awaits support from New York State. 
If supported by the state and approved by stakeholders, the 
NYISO Board of Directors, and FERC, carbon pricing in 
New York would be implemented (see Figure 4).

PJM Interconnection, which operates in 13 states and 
the District of Columbia, has a unique challenge related to 
the diverse range of emission policy initiatives across the 
region it serves. Three states currently participate in RGGI, 
while two others have taken steps to join (see Figure 5). Eleven 
states have renewable portfolio standards or goals employ-
ing renewable energy credits, and four states have or are 
investigating providing subsidies to a broader subset of zero-
emitting generation.

New York State Sets  
a Social Cost of

Carbon
as a Price per Ton of Emitted

Carbon Dioxide Based on
the Impact to the Environment

Power Plants Pay
for the Carbon They  

Release Into the Atmosphere

Generation  Owners Receive
Economic Incentives

to Invest in Low-Carbon or
Carbon-Free Resources Like

Wind, Solar, and Hydro

Consumers
Benefit From Payments  

Made by Polluting
Power Producers

figure 4. An overview of NYISO carbon pricing design.

Leakage refers to a situation in which there are shifts in  
generation and emissions from resources subject to a  
carbon price to higher-emitting resources that are not.
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As a result of participation in RGGI, generation in sev-
eral states is subject to a carbon price. When implementing 
a carbon price on a subregional basis, the carbon price can 
have an impact on both emissions levels and energy prices 
throughout the system through leakage, as described previ-
ously. In July 2019, the Carbon Pricing Senior Task Force 
was formed as part of the PJM stakeholder process to inves-
tigate leakage-mitigation approaches. Both one- and two-
way border adjustment approaches were explored to mitigate 
leakage between the states that participate in RGGI and 
those that do not. A one-way border adjustment approach 
adjusts the price of transfers into a subregion subject to car-
bon pricing to account for the carbon price, while a two-way 
border adjustment approach also adjusts the price of trans-
fers out of a subregion subject to carbon pricing to remove 
the impact of the carbon price. 

The Evolving Challenge of Determining  
Which Reliability Services Are Essential
Customers measure the reliability of their electric service 
simply by whether electricity is available when they need 
it to be. Grid operators fulfill this need using several types 
of services or products that procure attributes to support 
the delivery of energy, thus supporting electric reliability. 
North American markets have several common design fea-
tures for these reliability services. Nearly all areas are either 
currently or are planning to co-optimize ancillary services 
with energy production, use a cascading hierarchy to assign 
the highest quality services with the highest prices, and use 
shortage pricing when there is an insufficient supply of ser-
vices. The names and existence of different services vary 
across different regions, and the emphasis on different types 
of services is evolving (see Figure 6).

A few of the services in Figure 6, 
secondary and tertiary contingency 
reserve and regulating reserve, are 
specific products in all the market 
regions in North America. Others, 
like flexibility reserve and primary 
contingency reserve, are products 
for a subset of regions. Still others, 
like inertia, do not have specific 
products in any region. The reasons 
for the differences include how soon 
the need for a certain product has 
arisen, the existing requirements 
for other products, and stakeholder 
prioritization processes.

Resource adequacy refers to 
having sufficient capacity installed 
to meet long-term reliability targets. 
With a traditional generating fleet, 
if there is enough installed capac-
ity to serve the peak demand, there 
should also be sufficient capacity 

for all other times. However, as the fleet moves toward more 
VRE and enabling technologies, the task of ensuring resource 
adequacy changes markedly due to the inherent uncertainty 
and temporal nature of these technologies.

As more VRE is integrated, the quantity and type of 
services procured to maintain reliability may change to 
account for its variability and uncertainty. Regions have 
implemented or proposed changes to 1) increase the reserve 
requirement to account for needs beyond contingencies, 
2) improve the locational scheduling of reserve so that 
it can be delivered to where it is needed, 3) address short-
age pricing to reflect the importance of different services, 
and 4) utilize demand curves such that the market places 
value on procuring more reserve than the minimum 
requirement. In a growing number of market regions, new 
products have been introduced (the f lexibility/follow-
ing reserve in Figure 6), highlighting the key difference 
between the characteristics of services related to address-
ing variability and uncertainty from those that are needed 
to address contingencies.

Another key area of evolution in reliability service mar-
kets is the mix of resources that participate. In regions with 
large levels of VRE, operators have shifted to separating 
products into up (increase supply, reduce demand) and down 
(decrease supply, increase demand) services, creating oppor-
tunities for nonconventional resources to supply the service 
while still ensuring reliability. To benefit the reliable opera-
tion of the system, reserve services must also be deliver-
able and not awarded to resources unable to respond due to 
transmission congestion. Much of North America has been 
making significant changes to allow for the participation 
of electric storage, demand response resources, and even 
resources located on the distribution system within all the 

figure 5. PJM Interconnection’s footprint (shaded in green, checkered green, and blue) 
with the states that currently participate in RGGI in green, the states that have taken 
steps to join in checkered green, and the regions that do not participate in blue.
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different reliability services in a cost-effective and high-
performing manner.

Characteristics such as the ability to maintain nominal 
voltages, respond to frequency excursions, and ensure stabil-
ity are all necessary for grid reliability. Historically, gen-
erators have inherently provided these services, but as more 
inverter-based resources are integrated, these attributes are 
becoming more important. Different technologies may pro-
vide the attributes in different ways, making it essential when 
designing markets to incentivize the attribute provided to the 
grid and not how the specific technology provides it today. 
As an example, sufficient synchronous inertia is required to 
maintain stability, and inertia markets are under discussion 
as a future possibility. Although not the exact same thing, 
future systems with extremely fast controls coming from 
inverter-based resources can replicate some of the support 
that inertia provides. Research has even been conducted on 
ways that grid-forming inverter technology can work with-
out any synchronous inertia. As the resource mix continues 
to evolve, it will be important to understand the types and 
amounts of these attributes and the corresponding prod-
ucts necessary to support the reliable operation of the grid, 
regardless of technology.

What Will the Future Market or 
Regulatory Structure Look Like?
Market structures differ not only across the globe but also 
within North America. For example, of the nine organized 

electricity markets, four have centralized capacity markets 
(one voluntary), one is transitioning to a centralized capacity 
market, two have bilateral resource adequacy requirements, 
and two others have no resource adequacy requirement. It 
is impossible to predict what the future structure will look 
like, and it is possible that different regions will differ in 
regulatory practices, carbon/renewable goals, and stake-
holder and consumer opinions, among other features. That 
said, researchers and practitioners have started looking at a 
few structures and market designs that can meet some of the 
principles discussed previously.

There are generally three schools of thought regarding 
the future electricity market structure. First, existing market 
designs will function just as well as they do today, or with 
minor incremental changes. Second, substantial changes 
are required for markets to function properly, given the 
future resource mix. Third, markets should be eliminated 
or minimized in favor of a return to central planning, verti-
cal integration, and cost-of-service pricing. There are several 
variations of the actual market design across each option, 
and readers are encouraged to review the reports referenced 
in the “For Further Reading” section. Some of the options 
that have been proposed in previous studies are briefly 
discussed, some by the authors, without claiming any one 
option is superior to another.

The market design philosophy that underpins North 
American wholesale energy markets—marginal cost pric-
ing using bid-based, security-constrained economic dispatch 
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figure 6. An example set and categorization of reliability services. NERC: North American Electric Reliability Corpo-
ration; ROCOF: rate of change of frequency; ULFS: under-frequency load shielding; ICAP: installed capacity. (Source: 
Electric Power Research Institute; used with permission.) 
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with locational pricing—was conceived to deliver reliabil-
ity efficiently, regardless of the mix of resources or their 
short-run production cost profile. That market design, well 
applied in practice, may be relied upon to perform those 
tasks in a low-carbon power system. Proposers of this 
option suggest that this structure, with economic dispatch 
as its bedrock, along with active decentralized forward 
procurements between buyers and sellers, could lead to an 
adequate supply mix with short-term signals to ensure that 
the system maintains reliability. Some proposers suggest 
additional measures (e.g., setting minimum financial stan-
dards for retail service providers) to support needed liquid-
ity in bilateral trade in long-term options, through which 
generators and load-serving entities can mitigate their risks 
in the spot market, while others do not think that is neces-
sary. Otherwise, the proposers suggest that energy market 
pricing focused on operational needs, combined with endo-
genizing the value of carbon dioxide emissions, could pro-
vide sufficient revenue to meet operational reliability and 
investment needs. This type of structure can also improve 

the participation of responsive demand that could respond 
by consuming less when there is insufficient VRE or pro-
vide opportunities for storage that might sell energy at the 
opportunity cost of being unable to sell later during a criti-
cal, high-price period.

A second option discussed is to pair the existing energy 
market with some type of organized forward market. The 
key difference in these proposals, compared to the previ-
ous ones, is the notion that energy markets alone may not 
sustain efficient investment. This is due to the possibility 
that short-term energy prices may have greater volatility 
and may not average to long-term marginal costs as well as 
the uncertain prospects of capital recovery of infrequently 
used assets. The proposers suggest that the energy mar-
ket alone could get investment right, but that we must also 
consider the risks that this may not happen. This may be 
particularly challenging for the set of enabling resources 
providing flexibility and additional reliability services 
during low VRE production. The quantity of the enabling 
resources must be large enough to buy energy when VRE 

table 2. Corneli et al. provide a common set of considerations for long-term market design,  
but each has their own proposals, with the key differences shown.

Key Features Configuration Market (Corneli)
Long-Term Energy  
Market (Pierpont) Firm Market (Gimon)

•	 How is a long-term 
market portfolio 
selected?

Bid-based, region-wide system 
co-optimization model

Through exogenous guidance 
from policy makers and 
system planners

Bid-based, region-wide system 
co-optimization model

•	 What is the objective 
function of the long-
term market?

Minimize the expected cost of 
meeting reliability requirements 
across a wide variety of possible 
weather-, load-, and resource-
availability scenarios

Minimize the cost of meeting 
a share of total load, specified 
by policy makers, from the 
eligible resources that choose 
to bid

Minimize the cost of producing 
a significant share of total energy 
through a “default dispatch,” 
which short-term markets take as 
a baseline for real-time operation

•	 What products are 
bought in the long-term 
market?

Capabilities to perform as 
needed to meet objective 
functions

Annual energy output, subject 
to shape; location; resource 
type; and guidance from 
policy makers

Long-term energy schedules

•	 How is fixed cost 
recovery carried out for 
selected resources?

Resources selected are eligible 
for fixed-cost recovery through 
a variety of means, including 
power purchase agreements, 
tolls, regulated tariffs, and 
clearing prices as worked out 
through additional design work

Long-term power purchase 
agreements for energy, which 
may be either pay-as-bid or 
uniform market clearing price

Pay-as-bid long-term power 
purchase agreements

•	 Is participation 
mandatory?

No No Participation is presumed but not 
required

•	 How often is the 
long-term market 
conducted, and how 
much does it purchase?

Periodically, e.g., once every 
three to five years

Annually Periodically to cover incremental 
amounts of needed resources

•	 Does the long-term 
market drive rapid 
decarbonization and 
how?

Where co-optimized clean 
energy resources are cheapest, 
the market will naturally select 
decarbonizing choices but will 
otherwise reflect carbon prices 
and efficient policies

Presumably, both through 
clean energy resources 
becoming increasingly 
competitive and through 
policies

Where co-optimized clean 
energy resources are the 
cheapest, the market will 
naturally select decarbonizing 
choices but will otherwise reflect 
carbon prices and efficient 
policies
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production is excessive (to raise prices) but small enough 
not to consistently exceed energy needs during scarcity 
conditions. Stochastic simulation tools could be used to 
determine the optimal set of resources with the needed 
attributes while being able to support investment where 
short-term prices may be too uncertain to make those 
decisions. Although these options are reminiscent of exist-
ing forward-capacity markets and transmission planning 
processes, proposers suggest voluntary participation and a 
focus on the incentivizing attributes needed in the future 
resource mix while primarily relying on short-term energy 
markets. Three possible options for long-term forward 
markets are shown in Table 2.

Other options are possible. A recent set of awards was pro-
vided through the U.S. Department of Energy’s Advanced 
Research Program, which were aimed at evolving system 
operations and electricity market operations to a more 
risk-driven paradigm. The projects will propose and develop 
new operating and market designs that evaluate and struc-
ture performance into market incentives, establish transpar-
ent risk-assessment methods, leverage existing approaches 
to quantify and mitigate risk, and identify how resource per-
formance assessment can create new business opportunities 
to mitigate risk. It is expected that the market and market 
clearing algorithms will capture uncertainty, allocate the 
cost of uncertainty to those who cause it, and reward those 
who mitigate it.

Another option is moving back toward a more regulated 
system. If the benefits of competition from these future 
power systems are not realized and monopolies of power 
supply and reliability services are seen as inevitable, a regu-
lated system may be a feasible option. That does not make 
things simpler; the way that the system is planned and oper-
ated would continue to be just as complex. The decisions, 
whether made by one entity or multiple parties, should use 
the same engineering and economic principles for this future 
resource fleet, with poor decisions still resulting in ineffi-
cient or unreliable outcomes.

Conclusions
Electricity markets have always been complex due to their 
unique physics of electricity supply and delivery. That will 
continue regardless of the future grid. There is no crystal 
ball foretelling how best to achieve a system that emits no 
carbon and how to get there cost-effectively. During this tran-
sition, innovations may cause paradigm shifts that require 
rethinking. Although regions across North America are see-
ing substantial levels of VRE, conversations about what mar-
ket structure and design may be most appropriate for each 
region are just beginning. Further work is needed to evaluate 
the different options and how they may work across different 
jurisdictions. To supply the energy and services for this future 
system, engineering and economic principles are needed to 
provide the foundation for evaluating which options are best 
to support a system that is reliable, economically efficient, 

and allows the needed resources an opportunity to recover 
their costs and be rewarded for effective  innovation.
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DRIVEN BY CLIMATE CHANGE 
concerns, Europe has taken sig-
nificant initiatives toward the decar-
bonization of its energy system. The 
European Commission (EC) has set 
targets for 2030 to achieve at least 40% 
reduction in greenhouse gas emissions 
with respect to the 1990 baseline level 
and cover at least 32% of the total 
energy consumption in the European 
Union (EU) through renewable energy 
sources, predominantly wind and solar 
generation. However, these technolo-
gies are inherently characterized by 
high variability, limited predictabil-
ity and controllability, and lack of 
inertia, significantly increasing the 
balancing requirements of the sys-
tem with respect to historical levels. 
The flexibility burden is currently 
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carried by flexible fossil-fueled conventional generators 
(mainly gas), which are required to produce significantly 
less energy (as low operating cost and CO2-free renewable 
and nuclear generation are prioritized in the merit order) and 
operate part loaded with frequent startup and shut-down 
cycles, with devastating effects on their cost efficiency.

Furthermore, the decarbonization agenda is also envis-
aged to affect the demand side, mainly through the electri-
fication of segments of the transport, heating, and cooling 
sectors that are currently heavily reliant on fossil fuels. 
However, this electrification is expected to yield a dispropor-
tionately higher increase in peak electricity demand levels 
than the associated increase in the overall electrical energy 
consumption due to the temporal patterns in the usage of 
vehicles and heating/cooling appliances. This implies that 
capital-intensive investments in new generation capacity 
and network reinforcements will be required, and this new 
infrastructure will be significantly underutilized. Consider-
ing these challenges, as the decarbonization initiatives fur-
ther develop, the utilization of the generation and network 
infrastructure is constantly reducing, and the total electricity 
system costs are dramatically increasing.

Beyond the technical challenges associated with increas-
ing balancing requirements and peak demand levels driven 
by the decarbonization of the European energy system, there 
are growing challenges associated with the design of elec-
tricity markets. The key market challenges include a) the 
“merit-order effect” of renewable generation and the result-
ing “missing money” problem faced by the generation side; 
b) the integration of variable renewable generation in energy 
and ancillary services markets; c) the design of effective 

carbon emissions markets; d) the capture of the full system 
value of distributed flexibility in energy and balancing mar-
kets; and e) the geographical integration of different market 
segments, including the development of a harmonized pan-
European market and the coordination of emerging local 
energy markets. This article aims at providing evidence of 
these challenges in the European setting, reviewing Euro-
pean policy initiatives to address them, and identifying 
open issues toward developing innovative electricity market 
designs to enable the cost-effective and secure development 
of a highly decarbonized European electricity system.

The Need for a Radical Change of 
Electricity Market Design
Beyond setting ambitious carbon reduction targets, the EC 
remains committed to a deregulated electricity market para-
digm, according to which the investment and operation of 
the generation, demand, and energy storage components are 
driven by competitive markets encapsulating profit-driven 
market participants. This implies that both the large-scale 
integration of low-carbon generation as well as the realiza-
tion of the system benefits of flexibility resources will have 
a significant impact on the current market dynamics and 
require a fundamentally new market design.

The most fundamental feature of this new market design lies 
in shifting the focus from the operation timescale and the short-
run marginal cost of the system toward the investment timescale 
and the necessary capital investments to support the decarboniza-
tion agenda, as qualitatively illustrated in Figure 1. Under a large-
scale integration of renewables, the short-run marginal cost and 
consequently the prices in the energy market will be massively 

reduced due to the very low (nearly 
zero) marginal production costs 
of these resources; this is widely 
known as the merit-order effect of 
renewables. On the other hand, the 
value and prices of ancillary services 
will be increased by an order of mag-
nitude, mainly due to the higher bal-
ancing requirements driven by the 
variability of renewables. 

Despite the controversy around 
capacity markets, their size is also 
expected to grow in the next decade 
due to the increasing need to remu-
nerate and recover the investment 
costs of conventional generation, 
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figure 1. A qualitative illustration of market evolution.

The decarbonization of end-demand segments (e.g., heating, 
transport, and industry) will also require significant investment, and 
appropriate energy policy initiatives will need to be developed.
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preserving the security of supply. 
More importantly, a large increase 
in the total low-carbon genera-
tion investment costs is expected 
(despite the reducing unit costs of 
renewables) to achieve the ambi-
tious carbon reduction targets. Fur-
thermore, the decarbonization of 
end-demand segments (e.g., heat-
ing, transport, and industry) will 
also require significant investment, 
and appropriate energy policy ini-
tiatives will need to be developed.

Merit-Order Effect 
in the European 
Electricity System
Various studies have recently in
vestigated the merit-order effect 
of renewable generation in European markets. Two represen-
tative examples are presented in this article. The first one 
focused on the Portuguese day-ahead prices and was con-
ducted by the National Laboratory of Energy and Geology. 
The time period of the study ranged from 1 January to 30 
June 2016 (a total of 4,368 h). The simulations considered 
data extracted from the Iberian (Spanish and Portuguese) 
electricity market and were performed with the agent-based 
simulation tool, MATREM (for Multi-Agent Trading in 
Energy Markets). The results indicate that a wind penetration 
of 28.1% in the Portuguese system yielded an average price 
reduction of about 17 €/MWh during the first half of 2016. 
The highest reduction in the study period, about 25 €/MWh, 
was observed in January, which was a particularly windy 
month. The merit-order effect for one time period (2 January 
2016, 7 p.m.) is illustrated in Figure 2; a larger penetration 
of renewables shifts the supply curve to the right, thereby 
reducing the energy prices from P to P*.

The second study focused on the Northern European 
system (including the Nordic countries, the Baltic coun-
tries, Poland, and Germany) and was conducted by the VTT 
Technical Research Centre of Finland through a combined 
investment and operation modeling approach linking the 
Balmorel and WILMAR-JMM models. Specifically, a sen-
sitivity analysis on the share of variable renewable energy 
(VRE) resources was performed, while the portfolio of con-
ventional generation technologies was optimized consider-
ing two different time horizons (2030 and 2050). Figure 3 
presents the results of this analysis, where (a) and (b) corre-
spond to a 40% and 60% share of VRE, respectively, while 
both include the current VRE share in the region (22%) for 
reference. The merit-order effect is evident in both graphs: 
increasing the VRE share from the current level to 40% and 
(especially) to 60% reduces the energy prices substantially. 
Interestingly enough, the prices in 2050 are higher than in 
2030, especially in the 60% VRE share case; this is due to 

the fact that a large part of the existing baseload thermal 
generation capacity, although remaining in the system until 
2030, is expected to retire before 2050.
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In this context, maintaining the current market design, 
which focuses on the trading arrangements for energy as 
a basic commodity, risks creating a scenario in which the 
large generation and storage players are unable to recover 
their investment costs and thus are motivated to leave the 
market. This critical market challenge is usually referred to 
as the revenue insufficiency or missing money problem and 
entails the dangers of compromising the security of supply 
(considering the potential market exit of conventional gen-
erators) and/or compromising the carbon reduction targets 
(considering the potential exit of low-carbon generators).

In the case of conventional generators, recent European 
market design initiatives have contributed to addressing the 
missing money problem. First, the design of balancing mar-
kets is continuously refined through the introduction of addi-
tional balancing products, the harmonization of procurement 
and activation processes among different countries, and the 
gradual shift toward a joint energy and reserve market clear-
ing process. These policy changes are expected to enhance 
the cost reflectivity of balancing markets and increase the 
associated revenues of balancing providers. Second, follow-
ing the U.S. paradigm, some European countries (e.g., the 
United Kingdom, Ireland, Italy, and Poland) have started 
implementing capacity markets, remunerating participants 
that can contribute to the required adequacy levels in a cost-
efficient fashion through competitive auctions; however, 
capacity remuneration mechanisms remain controversial 
and have been characterized as market distortive measures.

Finally, the concept of scarcity pricing has been recently 
highlighted as a means to resolve the missing money prob-
lem: during periods of high demand and scarce supply, the 
energy price is set at the marginal benefit of the demand side, 
which is often estimated as the value of lost load. Consider-
ing the very high value of this marginal benefit, the activa-
tion of scarcity prices during a limited number of periods 
per year can theoretically secure sufficient revenues for gen-
erators to recover their investment costs. In this context, the 
EC has recently recognized [in Regulation (EU) 2019/943] 
scarcity pricing as a key feature of the future low-carbon 
electricity market, with Belgium being the first European 

country that has decided to implement such a mechanism, 
which is scheduled to start in late 2021.

Market Participation  
of Renewable Generation
Not only conventional generators but also renewables face sig-
nificant challenges in the emerging market environment. First 
of all, most European countries, with the support of the EC pol-
icy framework, are gradually abandoning out-of-market incen-
tive mechanisms (such as feed-in tariffs, green certificates, and 
long-term contracts for differences) that had been introduced in 
the 1990s to provide the initial push for investments in renew-
able generation, on the grounds of fully integrating renewables 
in the deregulated market environment. Second, given the 
long gate closure times applied in many European markets, 
the renewable generators’ bids are typically based on 12–36 h 
ahead forecasts in the day-ahead market, entailing significant 
forecast errors due to the stochastic nature of renewables’ out-
put. As a result, the deviations between forecasted and actual 
output need to be compensated in intraday and balancing mar-
kets, with the latter involving the payment of substantial penal-
ties, which compromise the renewables’ market profitability. 
Finally, variable renewable generation is not generally quali-
fied for participation in capacity markets, considering its inher-
ent inability to provide firm power.

Nevertheless, various measures have been recently pro-
posed to address these challenges and enhance the profit-
ability of renewable generators, including both renewables’ 
operational strategies (e.g., advanced forecasting techniques, 
aggregation strategies) and new market designs (e.g., post-
poning gate closure times, shortening market resolution, and 
allowing participation of renewables in balancing markets). 
In an effort to quantitatively analyze the effects of such strat-
egies, within the European research program IRPWIND, the 
normalized value of wind generation (calculated as the dif-
ference between its overall market revenue minus its imbal-
ance penalties, divided by the overall energy production) in 
the Iberian market has been quantified through the agent-
based simulation tool MATREM for the following set of 
scenarios (Figure 4):

✔✔ Scenario A: In this reference scenario (with respect to 
which percentage of wind generation value increase is 
calculated in the remaining scenarios), the wind gen-
erators’ market bids are based on deterministic (ex-
pected) wind power forecasts.

✔✔ Scenario B: The wind generators employ a more ad-
vanced, probabilistic quantile-based forecast approach.

✔✔ Scenario C: Multiple wind generators within a given 
control area are aggregated and then participate in 
the market as a single entity (with a certain degree of 
power controllability) to limit the overall forecast errors.

✔✔ Scenario D: The gate closure time of the day-ahead 
market is postponed by 2 h (from 12 p.m. to 2 p.m. 
Central European Time) to take advantage of more ac-
curate forecasts.
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Iberian market for different scenarios.
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✔✔ Scenario E: Wind generators are allowed to partici-
pate in balancing markets, in line with the current 
market arrangements in certain European coun-
tries (e.g., Spain, Germany, Denmark, and the 
United Kingdom).

✔✔ Scenario F: Beyond the existing markets, wind 
generators participate in two new balancing mar-
kets—the renewable power band market and the en-
ergy reserve market—that have been proposed by 
the IRPWIND program. These markets are similar 
to the secondary and tertiary reserve markets, re-
spectively, with the difference that their temporal 
resolution is 15 min (instead of 1 h), and the wind 
generators can submit bids up to 15 min ahead of 
real t ime to enable them to reduce their imbal-
ance payments.

✔✔ Scenario G: This scenario is a combination of sce-
narios B and F, with wind generators participating in 
the two new markets and employing a probabilistic 
forecast approach.

✔✔ Scenario H: This scenario is a combination of scenar-
ios C and F, with wind generators being aggregated 
and participating in the two new markets.

✔✔ Scenario I: Beyond participating in the two new mar-
kets and employing a probabilistic forecast approach, 
wind generators can participate in the formation of a 
new type of bilateral contracts, short-term energy con-
tracts. Following the logic of the new markets, these 
short-term energy contracts are formed in a 15-min 
temporal resolution and enable wind generators to 
trade their energy imbalances.

Prioritization of Renewable  
Generation in Merit-
Order Dispatch
Another important market design 
issue around renewable genera-
tion lies in its prioritization in 
the merit-order dispatch, with 
most European markets accept-
ing its curtailment only when the 
technical limits of the system are 
breached, on the grounds that such 
curtailment always increases the 
operating costs and the CO2 emis-
sions of the system. However, this 
assumption is not always valid, 
as demonstrated by the following 
example. This example involves a 
wind generator (which is assumed 
to be able to produce 100 MWh 
across the considered 4-h operat-
ing horizon), a biomass unit, and 
a conventional natural gas unit 
(Table 1), which need to supply a 

total demand of 160 MW at hours t = 1 and t = 2 and 380 MW 
at hours t = 3 and t = 4.

When the wind generator is prioritized in the dispatch and 
is forced to deliver its maximum possible output at all hours, 
the resulting optimal generation dispatch, system operating 
costs, and system CO2 emissions are as presented in Table 2. 
Although the biomass generator constitutes the cheapest 
available conventional unit and has the capacity to cover 
the remaining demand at all hours, its maximum ramp rate 
limit does not allow it to cover the demand at t = 3 (since 
demand increases from 160 MW at t = 2 to 380 MW at t = 3, 
while the maximum ramp rate of the biomass generator is 
120 MW/h). Therefore, the more expensive and polluting gas 
generator needs to be activated at t = 3 to cover the remain-
ing 100 MW of the demand.

On the other hand, when the dispatch prioritization of 
the wind generator is relaxed, the resulting optimal generation 
dispatch, system operating costs, and system CO2 emissions are 
as presented in Table 3. Although the wind generation exhibits 
lower operating costs and zero CO2 emissions, its whole output 
is curtailed at t = 2, enabling the biomass generator to reach a 
higher output at this hour; the wind generator, along with the 

table 1. Generators’ data.

Maximum 
Power 
(MW)

Maximum 
Ramp 
Rate 
(MW/h)

Marginal 
Cost  
(€/MWh)

Marginal CO2 
Emissions 
(Metric- 
Tons/MWh)

Wind 100 — 0 0

Biomass 300 120 31 0

Gas 150 100 70 0.32

table 2. The results with wind dispatch prioritization.

Power 
t = 1 
(MW)

Power 
t = 2 
(MW)

Power 
t = 3 
(MW)

Power 
t = 4 
(MW)

Total 
Output 
(MWh)

Operating 
Cost (€)

Total CO2 
Emissions 
(Metric-Tons)

Wind 100 100 100 100 400 0 0

Biomass 60 60 180 280 580 17,980 0

Gas 0 0 100 0 100 7,000 32

System 160 160 380 380 1,080 24,980 32

table 3. The results without wind dispatch prioritization.

Power 
t = 1 
(MW)

Power 
t = 2 
(MW)

Power 
t = 3 
(MW)

Power 
t = 4 
(MW)

Total 
Output 
(MWh)

Operating 
Cost (€)

Total CO2 
Emissions 
(Metric-Tons)

Wind 100 0 100 100 300 0 0

Biomass 60 160 280 280 780 24,180 0

Gas 0 0 0 0 0 0 0

System 160 160 380 380 1,080 24,180 0
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biomass generator, subsequently provides the required ramping 
flexibility at t = 3. As a result, there is no need to activate the more 
expensive and pollutive gas generator at t = 3, and thus, although 
the total wind output is reduced by 25% with respect to the sce-
nario with wind dispatch prioritization, the total operating costs 
and CO2 emissions are reduced by 3.2% and 100%, respectively.

This simple example has demonstrated that the strict pri-
oritization of renewable generation in the merit-order dispatch 
is not always the most effective strategy in terms of both 
operating costs and CO2 emissions. Although this particular 
example is driven by the ramping requirements of electricity 
systems, a recent study conducted by the Netherlands Organ-
isation for Applied Scientific Research has presented numer-
ous examples where renewable generation flexibility consti-
tutes an effective market strategy in reducing both operating 
costs and CO2 emissions. By adopting similar smart curtail-
ment strategies, renewable generation can be transformed 
from the cause of flexibility problems to part of the solution 
(such as contributing to ramping requirements in the above 
example), thus lowering the system flexibility dependency on 
conventional generation.

Carbon Pricing
Another crucial policy instrument toward incorporating the 
ambitious emissions reduction targets within the deregu-
lated market environment is the introduction of carbon mar-
kets, which effectively penalize the production of emissions 
and incentivize investment in low-carbon technologies. In 
Europe, such a market mechanism, the EU Emissions Trad-
ing System (EU ETS), was established in 2005 and remains 
the EU’s flagship policy toward a market-based reduction of 
emissions. The EU ETS is based on cap and trade principles, 
meaning that a maximum (cap) is set on the total amount 
of emissions that can be produced by the system (which is 
reduced over time to gradually achieve the carbon reduction 
targets), and a certain number of EU emissions allowances 
covering this cap are then auctioned and can subsequently be 
traded. Participants emitting greenhouse gases need to pur-
chase sufficient allowances, lest they face significant fines. 
In electricity markets, given that the carbon allowance price 
is passed on by fossil-fueled generators in the electricity 
price, the revenues of low-carbon generators are increased, 
partially addressing their missing money problem.

The effectiveness of the EU ETS has been demonstrated 
in practice, with the EU estimating that the emissions from 
sectors covered by the system have been reduced by 21% in 
2020 with respect to the 2005 levels. However, certain ques-
tions have arisen around the long-term economic efficiency of 
this mechanism, particularly regarding the variability of the 
CO2 allowances price. Although the gradual reduction of the 
CO2 cap should theoretically lead to an increasing CO2 price 
over time, in practice, this price has been unstable. After the 
global financial crisis of 2007–2008, the CO2 price dropped 
from around 25 €/ton to as low as 5 €/ton in 2013; after many 
years, the price exceeded the 20 €/ton level in 2018, but if 

the current COVID-19 crisis causes a sustained reduction of 
energy demand, the price may decline again. 

This CO2 price variability creates significant uncertainties 
and risks for both potential investors in low-carbon technolo-
gies as well as electricity consumers. The potential of a very 
low CO2 price discourages investments in low-carbon genera-
tion, while the potential of a very high CO2 price implies an 
undesired increase in the consumers’ energy bills and their sub-
sequent resistance to emissions reduction policies. Although a 
market stability reserve has been recently introduced to address 
this challenge by adjusting the number of auctioned allowances, 
its effect on CO2 prices is indirect and thus uncertain.

In this context, new designs for reducing the price risks 
of the EU ETS have been lately brought forward, including 
the introduction of CO2 price floors and price ceilings (i.e., 
minimum and maximum CO2 price limits). A price floor has 
already been implemented in the United Kingdom and has 
been announced in The Netherlands. In an effort to analyze 
the impacts of these CO2 market designs, Delft University 
of Technology has conducted a study through the agent-
based model EMLab that simulates self-interested compa-
nies’ generation investment decisions in alternative tech-
nologies (e.g., coal, gas, nuclear, carbon capture and storage, 
and renewables). Figure 5 presents key results of this study, 
including the (a) emerging CO2 prices and (b) CO2 emissions 
in Europe in different years (x-axis) under alternative CO2 
market designs (Original ETS, Price Floor, and Price Floor 
and Ceiling); these results include median CO2 prices and 
emissions as well as 50%/90% envelopes as Monte Carlo 
simulations have been carried out to capture the uncertain-
ties around the evolution of demand levels and fuel prices.

Under all market designs, the CO2 price is relatively 
low, and the CO2 emissions are relatively high during the 
early years due to the higher CO2 cap. After about 10 years, 
however, the CO2 cap becomes stricter, and thus CO2 prices 
increase significantly, reaching very high values in scenarios 
with high demand growth. Consequently, with a delay cor-
responding to investment lead times, investments in low-
carbon technologies start emerging, and CO2 emissions start 
dropping. After two investment cycles, the market stabilizes, 
and emissions decline steadily.

Under the current market design with neither price floors 
nor ceilings (Original ETS in Figure 5), the CO2 price vari-
ability is immense, particularly with respect to the extremely 
high prices (reaching an extreme value of 500  €/ton) 
observed after the first 10 years in scenarios with high 
demand growth. Under a market design with a price floor, 
the CO2 price variability is drastically reduced in terms of 
avoiding both the very low (nearly zero) levels as well as the 
very high levels observed under the Original ETS design. As 
a result, the risks associated with low-carbon investments 
are reduced, such investments emerge sooner, and CO2 emis-
sions drop faster. Consequently, when the CO2 cap becomes 
stricter, part of the required investments has already taken 
place, and the CO2 price remains at lower levels.
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Finally, under a market design with a carefully consid-
ered price ceiling, very high CO2 prices and subsequently 
very high consumer energy bills are avoided while the CO2 
emissions reduction targets are not compromised. In conclu-
sion, the introduction of a price floor and a price ceiling in 
the EU ETS constitutes an effective way to achieve carbon 
reduction targets with reduced risks for both low-carbon 
investments and electricity consumers.

The Role and Value of Flexibility
The new flexibility resources, predominantly energy storage and 
demand-side response (DSR), play a key role in reducing the 
costs associated with the transition to a low-carbon energy 
future. An important part of these flexibility resources cor-
responds to the large-scale technical solutions, such as bulk, 
long-duration energy storage, that can deal with extreme 
events of long periods of low wind and solar generation out-
put and DSR from large industrial/commercial consumers 
that can flexibly schedule some of their processes. How-
ever, in the emerging decentralized and digitalized energy 
paradigm, another very promising part corresponds to 
small-scale and distributed forms of flexibility sources at 
the local distribution level, such as residential smart appli-
ances, smart-charging electric vehicles (EVs) with potential 
vehicle-to-grid capabilities, distributed generation, and dis-
tributed energy storage, includ-
ing heat storage. These resources 
are owned by small electricity 
customers who, enabled by the 
advancements in digital technolo-
gies, are gradually transformed 
from passive electricity consum-
ers to active prosumers, consider-
ing their dual ability to flexibly 
manage their electricity demand 
and produce electricity through 
microgeneration. This paradigm 
change is reflected in the Clean 
Energy for All Europeans pack-
age recently presented by the EC, 
which highlights the empower-
ment of energy end users through 
the active involvement in energy 
system operation and planning.

According to a comprehensive 
study conducted by Imperial Col-
lege London through an advanced 
whole electricity system model, 
the potential cost savings brought 
by the intelligent coordination of 
flexibility in the Great Britain sys-
tem are around £3.8 billion/year 
in a system meeting the Great 
Britain benchmark emissions tar-
get of 100 gCO2/kWh in 2030 and 

around £8 billion/year in a system meeting a more ambitious 
target of 50 gCO2/kWh, as illustrated in Figure 6. The com-
ponents of these cost savings include.

✔✔ savings in operating expenses, by the avoided curtail-
ment of zero-cost renewable generation and the more 
cost-efficient provision of the required balancing ser-
vices (operating expenditures)

✔✔ savings in capital expenses associated with reinforc-
ing distribution [D capital expenditures (CAPEX)] 
transmission (T CAPEX), and interconnection assets 
(I CAPEX) driven by reduced peak demand levels and 
the cost-effective management of network constraints

✔✔ savings in capital expenses associated with invest-
ments in conventional generation [G CAPEX (conven-
tional)], driven by reduced peak demand levels and 
reduced requirements for generation flexibility

✔✔ savings in capital expenses associated with invest-
ments in low-carbon generation [G CAPEX (low-
carbon)] while meeting the carbon target, which is 
the most dominant benefit in the lower carbon emis-
sion scenario of 50 gCO2/kWh due to the high cost of 
firm low-carbon generation technologies (i.e., carbon 
capture and storage and nuclear), driven by the much 
more efficient utilization of lower-cost variable re-
newable generation.
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The current European market design does not capture the 
whole spectrum and full extent of the benefits of flexibility 
resources, thus hindering their further development. In thve 
energy market segment, most small consumers and prosum-
ers are still facing flat retail tariffs that do not reflect the 
time-variable value of energy in the system; therefore, they 
are prevented from activating their flexibility resources to 
consume energy during periods of abundant renewable gen-
eration and/or produce energy during periods of low avail-
ability of renewables.

Figure 7 presents the results of a study conducted by 
Imperial College London, which aimed at quantifying 
the impacts of domestic demand flexibility (in terms of 
smart-charging EVs, electric heating with heat storage, 
and smart wet appliances) on both system operation and 
the domestic consumers’ energy bills in the Great Brit-
ain system. Different scenarios have been examined with 
respect to the percentage of consumers owning the flex-
ibility resources (0, 25, 50, 75, and 100%) and the gen-
eration mix (including the current mix in 2020 and the 
projected mix in 2030). It has been assumed that activa-
tion of demand flexibility respects the consumers’ service 
requirements in terms of traveling (for EVs), the indoor 
temperature (for heating), and the timely completion of the 
wet appliances’ cycles, implying that such demand flex-
ibility does not reduce their overall energy consumption 
but merely redistributes it in time.

Figure 7(a) demonstrates that demand flexibility can 
greatly reduce the levels of renewable generation curtail-
ment, especially in the 2030 system with higher renewable 

integration. Figure 7(b) quantifies the energy bill savings 
that flexible consumers enjoy with respect to inflexible con-
sumers for the same amount of energy consumed, assuming 
that these bills are based on fully cost-reflective tariffs cap-
turing the system operation conditions. It can be observed 
that these savings are very high (especially in the 2030 sys-
tem, where they even reach a level of around 44%), imply-
ing that under a cost-reflective energy pricing framework, as 
we move toward a lower-carbon system, the implications of 
the temporal patterns of consumers’ demand on their bills 
become more important than their overall energy consump-
tion. It is also noticed that the savings achieved by flexible 
consumers are reduced as the percentage of these consum-
ers increases, implying that early adopters of flexibility will 
enjoy the highest benefits.

Second, the majority of European balancing and capacity 
markets impose excessively strict limits on the type, mini-
mum size, and minimum temporal availability of the par-
ticipants. In combination with the lack of regulatory clarity 
around the role of aggregators in many European countries, 
the value of distributed flexibility in reducing the system 
balancing and capacity costs remains largely unexploited. 
Notable examples include forbidding demand-side resources 
from accessing certain markets or not participating on a 
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level playing field with large-scale generation (e.g., shorter 
contract lengths).

Furthermore, European balancing and ancillary services 
markets generally ignore the time-coupling operating prop-
erties of DSR since each ancillary service product is cleared 
independently. As a result, market outcomes are not fully 
cost reflective and may overestimate the value of some flex-
ible resources. As an example, a study conducted by Impe-
rial College London has quantified the value of frequency- 
response service provided by thermostatically controlled 
loads in the Great Britain system under the independent and 
simultaneous clearing of frequency response and reserve 
services. In this example, a case when refrigeration provides 
the primary frequency control by reducing its consumption 
will be naturally followed by a load recovery effect (i.e., the 
demand in a subsequent period will be higher than the level 
it would follow if the provision of frequency response had 
not taken place to restore temperature at the desired set-
point), implying that the secondary reserve requirements of 
the system may increase. Therefore, the actual value of the 
frequency regulation service when accounting for this effect 
is visibly lower than the one projected by the current inde-
pendent clearing approach.

Moreover, the location-specific component of the dis-
tribution network charges constitutes a very small propor-
tion of the overall charges in most European countries, and 
the largest amount of network costs is socialized, prevent-
ing distributed flexibility resources from taking actions 
to avoid/defer distribution network reinforcements. Last 
but not least, the value of flexibility resources in reduc-
ing the low-carbon generation investments required for 
the achievement of carbon targets (which constitutes the 
most significant value stream in the low-carbon future, 
as illustrated in Figure 6) is not currently captured by 
any European market design, to the best of the authors’ 
knowledge, and constitutes a key market design challenge 
going forward.

Geographical Integration of Electricity 
Markets: The European-Wide Approach 
and Local Energy Markets
As previously discussed, a cost-effective transition to the 
low-carbon energy future involves a combination of large-
scale renewable generation and the deployment of small-
scale distributed flexibility resources at the local level. 
In this context, another major policy challenge lies in the 
introduction of suitable market mechanisms at multiple geo-

graphical levels, ranging from the European-wide level to 
the local community level.

Concerning the former, previous work has demonstrated 
that a coordinated European-wide approach for the integra-
tion of renewable generation can offer very significant ben-
efits compared to a member state-centric approach by taking 
advantage of the significant geographical diversity of renew-
able energy resources’ availability, including the higher 
capacity factors of wind generation in Northern Europe and 
the higher capacity factors of solar generation in Southern 
Europe. Specifically, if such diversity is combined with a 
full harmonization and integration of the different countries’ 
electricity markets, the same amount of renewable energy 
can be produced with 150 GW fewer renewable generation 
capacity with respect to the member state-centric approach, 
entailing around €200 billion of savings in capital invest-
ments until 2030. Although such a European-wide approach 
has been outlined in the European Renewable Energy Direc-
tive, it has not yet been realized. Furthermore, interconnec-
tions to the Middle East and Africa could potentially further 
increase these benefits by exploiting the high solar genera-
tion availability in those regions.

At the other end, despite the massive value of distrib-
uted flexibility resources enabled by the digitalized energy 
paradigm, the effective integration of large numbers of 
such small resources in electricity markets is extremely 
challenging due to scalability limitations and privacy con-
cerns raised by the end consumers/prosumers. In this con-
text, local energy markets (LEMs) constitute a new mar-
ket mechanism attracting continuously increasing interest. 
LEMs enable the direct trading of energy and flexibility 
among the end users of a local community, coordinated 
either in a centralized fashion (e.g., by an independent com-
munity manager) or in a fully distributed fashion through 
emerging peer-to-peer trading architectures.

Beyond addressing scalability and privacy concerns, 
a LEM promises a number of significant benefits, includ-
ing a) limiting the energy dependency of active consumers/
prosumers on the incumbent electricity retailers and conse-
quently enhancing the competitiveness of the latter; b) avoid-
ing distribution network reinforcements as a result of match-
ing local demand with local generation; c) enhancing the 
engagement of local end users in system operation by creat-
ing a local identity and promoting social cooperation; and d) 
revitalizing the local economy by shaping opportunities for 
local investment, creating new jobs at the community level, 
and promoting self-sufficiency. The EC has recognized these 

The value of flexibility resources in reducing the low-carbon 
generation investments required for the achievement of carbon 
targets is not currently captured by any European market design.



62	 ieee power & energy magazine	 january/february 2021

T
S

O

T
S

O

T
S

O

D
S

O

D
S

O

D
S

O

La
rg

e 
E

ne
rg

y
U

se
rs

La
rg

e 
E

ne
rg

y
U

se
rs

La
rg

e 
E

ne
rg

y
U

se
rs

A
gg

re
ga

to
rs

A
gg

re
ga

to
rs

E
ne

rg
y 

S
to

ra
ge

O
pe

ra
to

rs

E
ne

rg
y 

S
to

ra
ge

O
pe

ra
to

rs

E
ne

rg
y 

S
to

ra
ge

O
pe

ra
to

rs

G
en

er
at

io
n 

A
ss

et
O

w
ne

rs

G
en

er
at

io
n 

A
ss

et
O

w
ne

rs

G
en

er
at

io
n 

A
ss

et
O

w
ne

rsE
le

ct
ric

ity
S

up
pl

ie
rs

E
le

ct
ric

ity
S

up
pl

ie
rs

E
le

ct
ric

ity
S

up
pl

ie
rs

C
om

m
un

ity
an

d 
D

om
es

tic
F

le
xi

bi
lit

y

C
om

m
un

ity
an

d 
D

om
es

tic
F

le
xi

bi
lit

y

C
om

m
un

ity
an

d 
D

om
es

tic
F

le
xi

bi
lit

y

P
an

-E
ur

op
ea

n
M

ar
ke

t

N
at

io
na

l
R

eg
io

na
l

M
ar

ke
t

N
at

io
na

l
R

eg
io

na
l

M
ar

ke
t

N
at

io
na

l
R

eg
io

na
l

M
ar

ke
t

A
gg

re
ga

to
rs

fi
gu

re
 8

. T
he

 T
ra

de
R

ES
 v

is
io

n 
fo

r 
an

 in
te

gr
at

ed
 m

ar
ke

t a
rc

hi
te

ct
ur

e.
 T

SO
: t

ra
ns

m
is

si
on

 s
ys

te
m

 o
pe

ra
to

r;
 D

SO
: d

is
tr

ib
ut

io
n 

sy
st

em
s 

op
er

at
or

.



january/february 2021	 ieee power & energy magazine 	 63

benefits by establishing and promoting the concept of local 
energy communities.

The TradeRES Vision
The vision of the recently initiated Horizon 2020 TradeRES 
project (www.tradeRES.eu) lies in developing and testing 
innovative electricity market designs that will enable the 
cost-effective and secure development of a nearly 100% 
renewable power system and realize the full extent of the 
system-wide benefits of flexibility resources. Such market 
designs should be capable of addressing the key challenges 
identified in this article, including a) the missing money 
problem faced by both renewable and conventional genera-
tors, b) the participation of renewable generation in ancillary 
services markets and the provision of flexibility, c) the design 
of effective carbon emissions markets, d) the incorporation 
of small-scale distributed flexibility in energy and balancing 
markets, and e) the pan-European harmonization of elec-
tricity markets and the economic utilization of cross-border 
interconnections. Following the previous discussion, one of 
the main objectives of the project involves the development 
of an integrated European market architecture that encapsu-
lates the pan-European market, national/regional markets, 
and local energy communities in a fashion that enables the 
maximum utilization of available renewable generation and 
flexibility resources, as reflected in Figure 8.
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Another major policy challenge lies in the introduction of suitable 
market mechanisms at multiple geographical levels, ranging from 
the European-wide level to the local community level.
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L
LARGE REDUCTIONS IN THE COST OF RENEWABLE 
energy technologies, particularly wind and solar, as well as 
various instruments used to achieve decarbonization targets 
(e.g., renewable mandates, renewable auctions, subsidies, and 
carbon pricing mechanisms) are driving the rapid growth of 
investments in these generation technologies worldwide.

Despite the overall benefits of producing electricity using 
renewables instead of relying on fossil fuels, incorporating 
large amounts of solar and wind generation can be challeng-
ing for power systems. Solar irradiance and wind speeds 
are variable and, to some extent, unpredictable, which can 
compromise the stability of the power grid. Private inves-
tors, electric utilities, and independent system operators 
(ISOs) are addressing this challenge through a combination 
of measures that include the geographical diversification of 
resources, utilization of energy storage, and implementation 
of demand-response programs.

Another feature of renewables that is making market par-
ticipants, lenders, policy makers, and regulators concerned is 
their effect on equilibrium prices of electricity. Most whole-
sale electricity markets set real-time prices (also referred to 
as spot prices or locational marginal prices, depending on 
the implementation) as the marginal cost of producing one 
incremental unit of electricity at any given instant. Under 
this paradigm, there are concerns that increasing levels of 
generation from technologies with near-zero marginal costs 
such as renewables will inevitably depress spot prices to 
the point that revenues from the energy spot market will be 
insufficient to cover the capital costs of merchant generation 
technologies. This has raised questions about the ability of 
current electricity markets based on spot pricing to incentiv-
ize investments that will deliver efficient and reliable power 
systems in situations with high shares of renewables.

This article calls upon the experiences of hydro-dominated 
Latin American electricity markets to highlight the parallels 
among renewable-driven energy systems of the 21st century 
and hydro-driven systems that Latin America has been operat-
ing for decades (in particular, during the 1990s). Several Latin 
American countries have found that the liquidity of long-term 
financial instruments is essential to incentivizing investments 
in generation capacity. This is particularly important in situ-
ations where spot prices are extremely volatile, alternating 
between periods with high prices, driven by scarcity pricing 
mechanisms, and extended periods of time with zero prices, 
when hydro resources are abundant. In many Latin Ameri-
can countries, regulators have imposed minimum mandatory 

forward contracting requirements to guarantee a minimum 
level of liquidity of long-term financial instruments, comple-
menting voluntary bilateral markets for these products. 

Centralized auctions for long-term contracts are also com-
mon in the region. They act as market-based mechanisms to 
procure electricity and ensure some tariff stability for retail 
customers when there is no competition in the retail segment. 
Mandatory long-term products can be simple forward energy 
contracts (as they are in Chile and Peru), energy bundled 
with reliability products (in Brazil), or contracts for a stand-
alone reliability product (in Colombia), with energy contracts 
traded in bilateral markets. The experiences of countries in 
Latin America dealing with systems with high shares of gen-
eration from near-zero-marginal-cost resources can be useful 
for electricity markets in other parts of the world, particularly 
if new renewable-dominated systems do not have enough 
liquidity of long-term financial contracts to hedge risk.

The overall experience of Latin America’s long-term 
markets to attract and retain investors in new generation has 
been positive. However, there are some issues related to the 
design of both long- and short-term markets that need to be 
addressed. For instance, auctions for long-duration contracts 
facilitate investments and benefit lenders; however, they 
can introduce inflexibilities to the market, preventing cost 
reductions in technology from being passed on to consum-
ers. Short-term markets will also need to be improved to 
accommodate increasing shares of generation from renew-
ables. Some of the needed enhancements will require mir-
roring features of short-term markets in the United States 
and Europe, such as increasing the temporal granularity of 
real-time prices, introducing multisettlement mechanisms 
(absent in many prominent Latin American markets, such as 
Brazil and Chile), and allowing emerging technologies and 
demand-side resources to participate in wholesale markets. 
In this vein, there could be learning opportunities both for 
Latin America and electricity markets in the United States 
and Europe to find the best market design to accommodate 
increasing shares of generation with zero marginal cost.

The Pricing of Electricity:  
What Does the Theory Say?
The foundations of electricity pricing were developed in the 
mid-1980s, with Fred Schweppe in particular having made 
significant contributions to its underlying theory and prac-
tice. Spot pricing is fundamental to the design and operation 
of electricity markets worldwide and has powerful implications 

Lessons Learned From Hydro Systems in Latin 
America Might Be Applicable for Decarbonization
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for the efficiency induced by these market-based signals. 
Under some specific assumptions (such as perfect competi-
tion), if the wholesale electricity price in each period and 
location reflects only the short-run marginal cost of an incre-
mental change in demand (plus the cost of reducing demand 
when capacity is scarce) without the consideration of capital 
costs, a spot market can guarantee the efficient operation of 
generation units in the short term and incentivize the entry 
and exit of generation units of the right size, with the right 
technological characteristics, and at the right locations in a 
transmission network.

Figure 1(a) illustrates the supply and demand curves for 
a hypothetical system with four generation units with differ-
ent marginal costs. The intersection of supply and demand 
curves defines both the spot price and the demand level that 
must be supplied with the available generation units. Note 
that, for most demand levels, the intersection point occurs 
at one of the horizontal segments of the supply curve, which 
means that spot prices coincide with the marginal cost 
of some generation unit (e.g., the resulting spot price for 

).Demand2  However, the intersection of supply and demand 
can also occur at vertical segments of the supply curve when 
generation capacity is scarce. In these cases, the resulting 
spot prices are higher than the cost of the most expensive 
generation unit running in the system (e.g., the resulting spot 
prices for Demand1  and )Demand3  and are often referred 
to as scarcity prices. In equilibrium, this set of spot prices, 
including scarcity prices, allows for all the efficient units to 
cover both operating and capital costs.

The supply curve in Figure 1(a) is representative of most 
historical and current systems, with a steeply sloped demand 
curve (low elasticity) and a supply curve (also called a merit-
order curve) formed by a portfolio of units with different 

marginal costs, such as solar, wind, hydro, nuclear, coal, gas, 
and/or diesel generation. In those systems, supply sets the spot 
price most of the time, meaning that prices are equal to the 
short-run marginal cost of the most expensive unit in opera-
tion. In such cases, many of the low-priced generation units 
recover a large fraction of their investment during times when 
more expensive generators set the spot price. This is particu-
larly true for renewables, which have extremely low variable 
costs (typically, only a few dollars per megawatt-hour and 
linked to wear and tear and other operating costs) and can 
be considered as virtually equal to zero for all intents and 
purposes. For example, a wind unit that runs at a time when 
demand is high and the spot price is set by a diesel genera-
tor earns a short-run profit equal to the difference between 
the marginal costs of the diesel unit and the wind genera-
tor. In the relatively mature markets of the United States and 
Europe, the somewhat predictable behavior of the supply and 
demand curves has resulted in moderately stable spot prices, 
which eases the predictability of revenues needed by genera-
tors to secure financing with lenders.

In contrast, electricity systems with high renewable 
shares may have much less variety in the variable cost of 
generation technologies. Figure 1(b) shows the supply and 
demand curves for a hypothetical system where all the gen-
erators have zero marginal cost, akin to how supply curves 
would look in a system with a lot of generation from abun-
dant hydro, wind, and solar resources. Note that, in those 
cases, any time that demand is low enough, spot prices are 
equal to zero. However, when demand goes up, prices can 
increase dramatically, allowing all technologies to recover 
their investment costs. Although all generation units benefit 
from scarcity prices, their occurrence in the case depicted in 
Figure 1(a) is particularly important to ensure that peaking 
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figure 1. The supply and elastic demand curves for a system (a) with a mix of different conventional generation units and 
(b) where all units have zero marginal cost. 
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units (e.g., diesel generators) are able to recover their invest-
ment costs. Otherwise, incentives to the entry and exit of 
capacity work in the same manner in both examples. Note 
that in the situation depicted in Figure 1(b), there is a more 
extreme discrepancy between peak spot prices (potentially 
very high scarcity prices) and off-peak prices (virtually 
zero), which provides incentives for demand-side resources 
to adjust consumption, achieving a similar effect to increas-
ing or decreasing generation capacity in the long run.

Hence, conceptually, there is nothing that prevents the 
application of the classic spot-pricing theory to systems 
with high shares of generation from resources with zero 
marginal cost. As we show in Figure 1(a) and (b), the only 
difference is that, in systems with a lot of generation from 
technologies with zero marginal cost, scarcity pricing 
becomes the main mechanism to ensure cost recovery in 
the long run because spot prices are likely to be zero for 
extended periods of time. If liquid financial markets used 
to hedge the price-volume risk over different time frames 
are in place, the optimal capacity-expansion mix is secured 
(and able to be financed). In these situations, consumers can 
also define their optimal reliability needs and participation 
in the market as an active demand response based on private 
preferences (e.g., risk aversion).

In mature electricity markets following these design prin-
ciples, spot prices can increase dramatically during scar-
city times due to high price caps (as seen in Australia and 
Texas). In practice, however, the administrative estimate of 
the value of lost load (VoLL) used to determine price caps 
is sometimes driven by political instead of technical consid-
erations, which can introduce distortions. A relatively recent 
development regarding price formation in periods of scarcity 
(which is addressed in the following section) has been the 
implementation of sloped operating reserve demand curves 
(ORDCs) employed in some markets in the United States 
and Mexico, where price-dependent curves replace vertical 
demand curves for operating reserves.

In practice, low price caps, illiquid financial markets for 
long-term contracts, and the lack of demand response can pose 
real challenges for electricity markets in their purest form, 
which choose to rely solely on spot pricing—including scarcity 
pricing—to provide expansion incentives. These challenges are 
especially pronounced for countries with fast load-growth rates 
or increasing levels of decommissioning of existing generation 
capacity, where the lack of new supply may result in shortages. 
Furthermore, it is likely that these challenges will become even 
more pronounced with increasing shares of generation from 
renewables. Not only is there a tendency toward a feast-or-fam-
ine situation with regard to equilibrium prices, as illustrated in 
Figure 1(b), but the technological disruption of renewables has 
profoundly altered the landscape of expectations for the elec-
tricity sector. In particular, there are significant uncertainties 
regarding the rate at which the cost of renewables will continue 
to fall and their share in the expansion mix will continue to rise 
as well as the rate at which additional innovations, such as the 

emergence of distributed energy resources, demand response, 
and storage technologies, will be disseminated. This combina-
tion of spot price volatility and uncertainty with regard to the 
future evolution of the system creates an environment that may 
threaten potential investments and loans, creating an even 
greater motivation for long-term markets for financial and/or 
reliability products.

Spot Pricing in Hydro Systems in Latin 
America: One Form of Scarcity Pricing
Latin America is formed by 16 countries and has a power 
system with roughly 400 GW of installed capacity, where 
hydropower accounts for approximately 50% of the gen-
eration mix. Load growth rates have historically hovered 
near 5% per year in a region where energy consumption is 
roughly 1,500 TWh/year. Figure 2 shows a general depiction 
of the main wholesale market design elements.

On the pricing side, only Colombia and the Central Ameri-
can regional electricity market have adopted a bid-based 
scheme for generation dispatch and spot price formation, as 
represented in shades of red in Figure 2. All the other coun-
tries in the region utilize cost-based arrangements, where gen-
erators report only their directly attributable marginal produc-
tion costs (i.e., fuel costs) to build the merit-order curve for 
the dispatch and pricing of electricity done by the ISO. Water 
values are used as proxies for marginal production costs for 
hydro plants, which are calculated by the ISO based on a set of 
administratively defined assumptions and with the aid of sto-
chastic optimization models. Given the cost-based merit-order 
curve, spot prices are defined as the cost of the marginal unit 
needed to meet demand in each settlement period.

Although cost-based markets have some disadvantages 
compared to bid-based ones, most countries in Latin America 
have opted for cost-based market designs for the follow-
ing reasons: 1) to ensure transparency (the dispatch and 
spot prices are calculated by computer models using well-
known algorithms, with the software and system data pub-
licly available to all market participants), 2) to guarantee 
efficiency in the dispatch of hydro plants in cascade with 
independent owners and multiple water uses, and 3) to 
avoid potential issues with market power that could arise 
in bid-based markets. When electricity markets were first 
implemented in Latin America, regulators perceived that 
it was important to tackle these issues to imbue investors 
with the confidence to invest in new generation capacity, 
which was the main goal of industry reform in these coun-
tries. In addition, regulators were concerned that the cost 
of implementing a bid-based dispatch and pricing mechanism 
could be prohibitively high due to the need to set up sophis-
ticated trading platforms and market power-mitigation 
mechanisms as well as educating state-owned companies 
to bid rationally into these markets.

On the other hand, one of the main criticisms of the cur-
rent centralized scheme used to determine water values has 
to do with the sensitivity of probabilistic simulation models 
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to input parameters, such as the probability distribution of 
future hydrological conditions. Despite the efforts made by 
ISOs to ensure the transparency and replicability of results, 
conflicts (sometimes leading to court cases) occurred fre-
quently because of discrepancies between the assumptions 
made by the authority and each firm’s private view of what 
should and should not go into the simulation model. This is 
because assumptions about input parameters affect not only 
the centralized estimate of the value of water but also dis-
patch decisions, prices, and revenues for private firms that 
participate in the market.

As highlighted in Figure 3, there are several interesting 
commonalities and contrasts between the renewable-dom-
inated systems that may become prominent in future and 
hydro-dominated systems such as those in Latin America 
(especially prior to the introduction of large amounts of ther-
mal capacity in the 1990s and 2000s).

The first common feature is related to the volatility 
of spot prices. Systems with high shares of generation 
from resources with zero marginal costs commonly face 
extended periods of time when spot prices are zero, fol-
lowed by periods of high prices when renewable resources 
are not available. This happens because these systems are 
typically designed to ensure that demand can be supplied 
even in the most adverse weather conditions considered in 
the simulation model, which, in practice, do not occur fre-
quently. For this reason, it has been common for hydro-
dominated systems in Latin America to face excess energy 
and low spot prices for extended periods of time. Neverthe-
less, in extremely dry seasons, some demand rationing may 
occur, and prices can climb up to the price cap. This phe-
nomenon is illustrated in Figure 4, which shows the observ
ed monthly spot prices in the Brazilian Southeast system  
from January 1993 until August 1997, when an electricity 
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figure 2. The outlook of wholesale market design elements in Latin America. MER: the Central American regional elec-
tricity market. 



january/february 2021	 ieee power & energy magazine 	 69

market reform was discussed in 
the country. 

As we show in Figure 4, the 
spot price was close to zero in 
36 out of the 56 months depicted, 
and the longest low-price period 
lasted for nearly two years (21 
months). This behavior is similar 
for other countries in the region 
with many hydro resources, and 
it is similar to the price behavior 
expected in renewable-driven 
systems. It merits noting, how-
ever, that price volatility in hydro-
based systems occurs at a differ-
ent timescale. Energy prices tend 
to exhibit low volatility of spot 
prices in the short term, as reser-
voirs can easily transfer hydro 
energy from off-peak to peak hours and modulate load supply.

The second commonality has to do with the principle 
used to estimate the value of water in cost-based markets 
in Latin America and the idea behind the implementa-
tion of sloped ORDCs in U.S. markets. Sloped ORDCs 
are constructed based on the notion that stochastic fluctua-
tions in the supply-demand balance must be accommodated 
by dispatching part of the system’s reserves, or short-term 
operational flexibility, committed in the ex-ante market. If 
a lower amount of reserves is procured, therefore, there is a 
probability that the system will not be able to respond and  
that some demand will need to be curtailed. A probabilis-
tic simulation model representing multiple sources of uncer-
tainty can be used to assess this type of risk. By multiplying 

this probability of shortage as a function of the amount of 
online reserves by the VoLL, one obtains an estimate for the 
demand side’s marginal willingness to pay for an incremental 
amount of reserves to avoid a shortage. It is clear from this 
depiction that increasing the VoLL has a direct influence on 
the shape of the ORDC, thus leading to a more conservative 
assignment of resources in the short term, pressuring spot 
prices upwards and inducing a larger capacity margin at the 
market equilibrium, leading to a more reliable system in the 
long term.

A very similar logic applies to the calculation of water 
values in hydro-dominated systems. Provided that all avail-
able generation resources have zero marginal cost, the water 
value can be approximated by the product of the VoLL (or, 
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figure 3. The parallels between renewable- and hydro-dominated markets. 
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more precisely, the cost of rationing) multiplied by a prob-
ability of energy shortages, reflecting the opportunity cost 
of not having water for generating power in the near future. 
Water values are calculated by simulating the system’s opera-
tion over several periods using a probabilistic model that 
considers different scenarios of hydrological conditions (e.g., 
dry, average, and wet). Figure 5 illustrates how a probabilis-
tic simulation model weights the future opportunity cost of 
water according to the probabilities of each scenario to define 
today’s marginal value of hydropower. When the system is 
unable to meet demand in a given dry scenario and stage, the 
opportunity cost of water is equal to the cost of rationing, as 
the only alternative to replace a reduction in hydro generation 
is to curtail demand. In scenarios with intermediate inflows, 
the value of water is usually equal to the cost of the cheapest 
thermal plant in the system that could increase its output if 
hydro generation was reduced. In contrast, the water value is 
zero in scenarios where dams are overflowing, which is often 
the case in extremely wet seasons.

The third parallel we see between these two types of 
systems is the challenge of incentivizing efficient invest-
ments in situations with highly volatile spot prices. As we 
mentioned in the previous section, theory states that vola-
tile spot markets give generators and consumers incentives 
to engage in long-term financial contracts to hedge risks. 
However, in situations where markets for long-term con-
tracts are illiquid or insufficiently mature, it can be diffi-
cult for developers to gain access to project finance agree-
ments from lending entities to support new investments in 
generation capacity. It was because of the high-volatility 
of spot markets with extended periods with zero prices, 
the lack of liquidity of long-term contracts, and the press-
ing need for new generation capacity that many countries 
in Latin America chose to implement centralized auctions 
for long-term contracts. Long-term contracts can also pro-
vide insurance against both policy uncertainty and some 
political risk, reducing the risk premium required to jus-
tify investments.

Figure 6 shows two examples of actual merit-order 
curves of the Brazilian system for two historical snapshots 
in wet and average weeks. Note that the availability of hydro 
resources can have a large effect on spot prices and incen-
tives for market-based system expansion.

The Need for Hedging Instruments: 
Centralized Auctions for  
Long-Term Contracts
Since the initial implementation of Latin American mar-
ket reforms in the 1990s, several countries have introduced 
capacity mechanisms to ensure that there are always ade-
quate supply resources to meet demand. Capacity mecha-
nisms are designed to correct potential issues that result 
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from price caps that are set too low (leading to artificially 
low spot prices on average and, thus, insufficient incentives 
for system expansion) and also as instruments to stabilize 
revenues for generators in light of volatile signals from 
spot markets. They operate just as capacity markets do in 
the United States, relying on an administrative definition of 
what constitutes the firm capacity product that drives a com-
ponent of agents’ remuneration.

At the time of the initial market reforms in Latin America 
in the 1990s, most implementations of capacity mechanisms 
were in the form of a regulated capacity payment (as seen 
in Colombia, Chile, and Peru), where the capacity price was 
determined by the regulator based on an administrative esti-
mate of the cost of new entry. At that time, Brazil was the 
only country that imposed a forward contracting require-
ment on load-serving entities and deregulated consumers to 
mandatorily cover a high percentage of their loads through 
energy contracts, which had to be negotiated bilaterally and 
backed by firm energy credits. These initial designs, how-
ever, faced numerous challenges in practical implementation 
during the following decade. 

In the case of capacity payments, experience showed 
that both the administrative definition of capacity price and 
capacity product could have a large impact on investment 
incentives for individual firms. In addition, forward contract-
ing requirements alone did not ensure that regulated distribu-
tion companies were incentivized to choose least-cost con-
tracts for retail customers, thus leading to self-dealing issues 
and inflated prices. The previous challenges, combined with 
the fact that short-term prices did not provide an adequate 
incentive for generation expansion (given the absence of liq-
uid marketplaces for financial hedging), motivated a second 
wave of market reforms in Latin America in the 2000s, fol-
lowing the first wave of reforms in the 1990s. This second 
wave of reforms was focused on improving the mechanisms 
used to safeguard resource adequacy and led to the introduc-
tion of market-based capacity products (or reliability prod-
ucts) in some countries.

Brazil pioneered this new wave of reforms in 2004, intro-
ducing a mechanism that put auctions front and center and 
served as an inspiration to several other countries, such as 
Chile in 2005 and Colombia and Peru in 2006. These new 
designs typically combined centralized auctions with a 
quantity-based mechanism that required a minimum level 
of contracting for loads. Implementation details vary among 
countries, particularly regarding the following core elements, 
which can be used to describe most auction mechanisms for 

long-term contracts introduced in real-world electricity mar-
kets over the years:

✔✔ Demand-side obligations: These include, among oth-
ers, 1) the assignment of responsibility for forecast-
ing the demand several years ahead for the procure-
ment of contracts, 2) a mechanism for assigning the 
cost of forward contracts to consumers, and 3) rules 
to specify under which conditions agents can opt out 
of the standard mechanism to procure their own de-
mand. For example, although the auctions in Colom-
bia involve only the purchase of a reliability product, 
the auctions in Peru and Chile involve only a forward 
contract, while Brazil requires contracts for bundles 
of reliability products and forward contracts.

✔✔ Supply-side liabilities: These include, among others, 
1) what exactly generators’ reliability commitments 
entail regarding firm supply backing and 2) penalties 
for noncompliance with contract clauses and specific 
obligations for energy and/or reliability delivery, often 
tailored to physical attributes of different genera-
tion technologies.

✔✔ Auction design elements: These include, among others, 
the definition of 1) lead times; 2) contract duration; and 
3) the eventual technology segmentation of potential 
suppliers, such as differentiating between existing proj-
ects and new projects for contracting purposes.

In practice, the implementation of minimum contract 
requirements and centralized auctions by Latin American 
regulators in the 2000s emerged as a practical short-term 
solution to issues that were primarily related to the lack of 
investments in past periods, when demand was growing 
too fast compared to new capacity additions. Consequently, 
there was a need to take some action to accelerate private 
investments in new capacity. Furthermore, although it might 
not have been the primary intent to correct for the market 
failure that results from incomplete financial markets for 
risk sharing, there is now robust empirical and theoretical 
evidence suggesting that mechanisms that introduce this 
type of financial contract can indeed improve market liquid-
ity and market efficiency.

Long-term electricity auctions are now one of the driv-
ing forces for the expansion of the power sector in Latin 
America. To date, more than 100,000 MW of new genera-
tion capacity from all technologies have been contracted 
and delivered at competitive prices via those auctions. In 
addition, since the late 2000s, countries all over the world 
have started using different variants of these auctions as 

Long-term contracts can also provide insurance against both  
policy uncertainty and some political risk, reducing the risk  
premium required to justify investments.
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table 1. Recommendations for improving several design elements in the wholesale market. 

Design Element Current Status in Latin America Suggested Improvement

Wholesale 
spot price 
formation

In many cases, spot prices are 
computed ignoring transmission 
constraints and without the co-
optimization of energy and reserves.

Spot prices should be computed considering all transmission and 
generation constraints, plus reserves, simultaneously. This approach 
ensures that all constraints are reflected in spot prices. 

Temporal 
granularity of 
spot prices

Most countries in the region compute 
prices at hourly time intervals, with the 
exception of Peru (every 30 min) and 
Brazil (three load blocks in weekly prices). 

A time granularity of at least 1 h is recommended to allow spot prices to 
better reflect the physics of the system, which is particularly important 
for units that impart flexibility. Increasing the frequency of dispatch and 
settlement intervals also decreases the need to activate reserve products.

Spatial 
granularity of 
spot prices

Some countries employ a simplified 
version of nodal or zonal pricing using 
merit-order curves to determine the 
spot price for prespecified pricing 
zones (Brazil), which can also be a 
single large pricing zone that includes 
the whole country (e.g., Colombia). 

Countries should implement locational marginal pricing with 
mechanisms to allow market participants to hedge congestion risks. 
locational marginal pricing provides efficient signals for the entry and 
exit of generation units by reflecting information about the incremental 
value of generation at each location in the transmission network. 

Cost- or 
bid-based 
arrangements 
for dispatch 
and price 
formation

With the exception of Colombia, all 
of the short-term electricity markets in 
Latin America to date have been cost-
based markets. 

Whenever possible (sufficient political will, human capital, and 
competition), we recommend bid- instead of cost-based markets. Practical 
experience indicates that having a central agency that relies on a single view 
of the future to make decisions may lead to conflicts and legal disputes. 
Concerns about the coordination of hydro units in cascaded systems, 
multiple water uses, and market power concerns can be addressed with 
a combination of property rights and active market monitoring. 

Scarcity 
pricing

Countries with lots of hydro resources have 
a form of a scarcity-pricing mechanism 
that reflects the administratively calculated 
socioeconomic cost of curtailing demand 
sometime in the future if hydro resources 
are not available (as assessed by a 
simulation model). To our best knowledge, 
Mexico is the only country that has 
implemented sloped ORDCs. 

Although there is not enough demand response for scarcity prices 
to naturally emerge, we recommend that the VoLL or cost of deficit 
parameter used in simulation models should be at least equal to the 
price at which demand would be willing to reduce consumption (in line 
with the resource-adequacy target of the system). The use of a sloped 
ORDC can also improve price formation during times when reserves 
are scarce and prevent abrupt price drop offs. 

Ancillary 
services

In most countries, the provision of 
ancillary services is mandated by 
regulations that compensate units only 
for the directly attributable costs of 
providing the service (e.g., fuel costs). 
In most cases, energy and reserve 
products are not co-optimized. 

We recommend migrating to schemes that co-optimize the provision 
of energy and ancillary services. We also recommend remunerating 
ancillary services based on uniform price, ensuring that all agents 
providing the same service are remunerated equally. Mechanisms that 
compensate only for the directly attributable costs of providing these 
services are discriminatory and do not provide incentives for the entry 
of efficient units in the long term. 

Multisettlement 
markets

Most countries use day-ahead 
scheduling and only one settlement. 
In both Chile and Colombia, for 
example, day-ahead prices are not 
used to settle any transaction; rather, 
they rely solely on real-time prices.

We recommend implementing day-ahead markets that will allow 
forward financial commitments to be settled against real-time prices 
and evaluate the need for additional settlements.

Capacity 
mechanism

Countries rely on different criteria to 
define firm energy and firm capacity 
values, both of which determine 
remunerations for firms that contribute 
to the system with these products. 
Some countries also employ 
administrative capacity payments 
without necessarily aiming for an 
explicit resource-adequacy target. 

Countries that choose to rely on capacity mechanisms should pay attention to 
the definition of firm capacity of renewables and energy storage technologies. 
We recommend crediting firm capacity based on some reliability metric 
that treats all resources, including demand-side ones, equally. We also 
recommend that countries define a resource-adequacy target that is 
aligned with the administrative estimate of the cost of unsupplied demand 
used to price scarcity, ensuring consistency between value assessments 
of additional transmission reinforcements (planned centrally) and the 
profitability of new generation investments (based on market signals).

Centralized 
auctions 
for long-
term energy 
contracts or 
minimum 
contracting 
requirements

Centralized auctions for contracts 
are used in many countries as a 
mechanism to ensure that distribution 
companies will procure power at 
the least possible cost for retail 
consumers. Brazil also relies on 
centralized auctions for contracts, 
with physical backup as a resource-
adequacy mechanism. 

Countries should consider reducing the duration of mandated contracts 
and explore options to introduce more liquidity into long-term financial 
markets, fostering the participation of financial agents and retail aggregators. 
Contracts of a long duration (e.g., 15–20 years) can be effective at 
incentivizing generation investments, reducing risk for generation firms. 
However, they also prevent customers from benefiting from cost reductions 
due to technological disruptions in generation technologies, locking 
customers into prices that might become too high compared to average spot 
prices. Additionally, we recommend that regulators consider counterparty 
and price risks as part of the selection criteria used in centralized auctions. 
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mechanisms to procure power from renewables and sup-
port the development of these technologies, thus promoting 
robust investment markets.

Despite the success of auction mechanisms in Latin 
America, there is now evidence indicating that some aspects 
of the original design elements of these auctions could be 
improved. For instance, some of the first contracts were auc-
tioned for periods that were excessively long, which led to 
rigid commitments that ended up allocating too much risk 
to customers. Other design and implementation issues are 
related to the bundling of energy and reliability in a single 
product, contract enforcement, and selection criteria used 
in centralized auctions when contracts incorporate different 
sources of risk, such as indexation clauses (e.g., fossil fuel 
price risk, renewable generation profile risk, and spot price 
risk). Administrative definitions of firm capacity and firm 
energy could also result in biases against emerging technolo-
gies and impair them to compete on equal footing against, for 
instance, conventional generation technologies.

Improvements Needed in Latin 
America to Accommodate High 
Shares of Renewables
Even though current market designs in Latin America have 
served their purpose, they were not originally tailored to 
accommodate increasing shares of generation from variable 
and unpredictable resources in short time intervals. As intro-
duced previously, hydro-dominant systems, although with 
their own share of challenges, have relatively high short-term 
flexibility compared to systems with high shares of genera-
tion from renewables (e.g., wind and solar photovoltaic). This 
explains why, in general, most markets in Latin America 
have rather simple mechanisms to settle imbalances in the 
short term, while they lack most of the advanced features of 
more highly developed electricity markets. Going forward, 
we recommend improving several design elements in the 
wholesale market as described in Table 1.  

Conclusions
There are several aspects of the electricity markets in Latin 
America that could be improved. Some of the needed en
hancements will require mirroring features of short-term 
markets in the United States and Europe, such as increasing 
the temporal granularity of real-time prices, opening whole-
sale markets to demand-side resources as well as emerg-
ing technologies, and introducing multisettlement systems. 
Long-term markets could also be improved by ensuring that 
contracting requirements and auction mechanisms allow for 
all technologies to compete on equal footing. Reducing the 
duration of contracts would also allow consumers to benefit 
from technological disruptions in generation technologies 
in the coming decades. It is also possible to introduce more 
liquidity into markets for long-term contracts by implement-
ing marketplaces for these instruments and opening them to 
financial agents and retail aggregators.

Nevertheless, the experience in Latin America (Brazil, in 
particular) shows that many hydro systems in the region have 
operated with large amounts of generation with zero or near-
zero marginal cost for decades and have still managed to incen-
tivize investments in new generation capacity. However, in those 
situations, long-term markets for sufficiently liquid financial 
contracts are essential to secure generation financing, allowing 
investors to reduce their exposure to the high volatility of spot 
prices. Additionally, some types of long-term contracts can also 
provide insurance against both policy uncertainty and political 
risk, which can be large in some countries in the region.

Finally, from our perspective, the experience of some 
countries in Latin America that have relied on markets for 
long-term contracts offers some learning opportunities for 
countries with advanced short-term markets (e.g., the United 
States and Western Europe). This experience could be use-
ful if the volatility of spot prices due to increasing shares of 
generation from renewables becomes a barrier to incentivize 
investments in new generation capacity.
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D
A View and Recommendations From 
Development Banking Practitioners to 
Developing Countries

DEVELOPING NATIONS WITH HIGH GROWTH RATES
of energy demand and, in many cases, aging fossil fuel-
based generation capacity have a massive opportunity to 
rapidly grow variable renewable energy (VRE) capac-
ity. This should ideally be done through a transparent and 
competitive wholesale market, which is instrumental not 
only for attracting competitive VRE generation but also for 
providing the flexible capacity essential for managing the 
variability of solar/wind and, thus, the security of the power 
system. However, there are challenges, including the need 
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to meet certain minimum preconditions to form a market, 
such as

✔✔ adopting a cost-reflective end-user tariff
✔✔ unbundling the sector and imposing market share lim-
its to reduce concentration in generation

✔✔ strengthening institutional capacity, especially in the 
areas of regulation and system operation

✔✔ developing effective rules for electricity grid access 
and expansion.

Under an energy spot market for power, prices exhibit 
some degree of volatility, including periods of high and 
low—if not very low/zero—prices. Such volatility is typical 
of markets and has its role in creating the necessary signals 
to induce investment in generation, with both fixed and vari-
able costs, and flexible/peaking capacity, which is coupled 
with capacity remuneration in some markets to avoid under- 
or overinvestment. 

Attracting investment for low-cost generation tradi-
tionally requires access to long-term financing, which, 
in turn, depends on the predictability of revenue that the 
market architecture delivers to investors. A careful bal-
ance must be achieved between attracting competitive 
investments by shifting risks away from investors and 
achieving low-cost outcomes for consumers in the short 
and long terms.

In the choice of market design, this issue needs to be 
considered within the broader context of preconditions. If a 
market is highly concentrated and there is inadequate regu-
latory oversight, especially of state-owned utilities oper-
ating in competitive environments, even the most sophis-
ticated market design is unlikely to contain market power 
and, hence, likely to fail.

Even if these preconditions are met, price volatility entails 
risk for buyers as well as sellers. Market participants need to 
develop a risk appetite and have access to financial products 
to manage risk. Without a well-developed financial market, it 
is unlikely that these products would be available. Generators, 
retailers, and distributors unable to manage their spot price 
risk resorting to the safety of long-term contracts or power 
purchase agreements (PPAs), which, depending on their 
design, could be very inflexible and more advantageous to one 
of the parties.

While PPAs have been very effective at attracting invest-
ment, the extent to which they can be relied upon depends on 
each country’s conditions and, especially, on expected demand 
growth projections. With the advent of higher shares of renew-
ables moving away from PPA contracts, there is additional 
uncertainty in spot markets. Also, in many developing coun-
tries, pure spot markets have challenges simply because, in 
many instances, it is not socially acceptable or politically man-
ageable to charge consumers highly variable monthly electric-
ity bills. 

In some developing countries, expenditures on energy bills 
can be costly. Even in higher-middle-income countries in Latin 
America, such as Mexico and Chile, the poorest quintiles of 

the population spend 6.9% and 8.3% of their income on energy 
(see Carvajal et al. in the “For Further Reading” section). Sub-
sidies administered via electricity bills are still widespread in 
the developing world, which complicates retail price formation 
alternatives and, with that, the effectiveness of some market 
design options.

Objectives, institutional capacity, social acceptance 
of price fluctuations, and the risk appetite of policy mak-
ers vary across countries, signifying that market design 
should adapt to local conditions and balance them to achieve 
desired outcomes. Clear objectives are especially important 
in this process, and the tradeoff of design options needs to 
be weighted properly.

In this article, the experience of development bank 
practitioners in supporting sector reform and financing 
private generation assets in deregulated electricity mar-
kets of the developing world is described. The article also 
shows that an increased share of renewables is already 
demonstrating the need for a redesign of how electricity 
markets function. 

When structuring the project financing of generation 
assets, such as renewables, lenders assess many associated 
risks to determine the bankability of the project, such as

✔✔ transmission-curtailment risk
✔✔ balancing cost risk inherent to VRE generation
✔✔ dispatch risk (in countries that have stranded PPAs 
and must-run thermal plants that bite into the merit 
stack before zero-variable-cost renewables)

✔✔ contractual risk, including a volume–risk mismatch of 
contractual commitment and VRE generation

✔✔ energy yield risk, banking on P90, P75, or P50 pro-
duction (where Px means that, with probability x, the 
output of a given power plant will be above a certain 
level; energy output risk is key in project financing) 

✔✔ engineering procurement and construction risk
✔✔ demand risk (when the offtake contract is “pay as de-
manded,” and distributed generation is a threat)

✔✔ payment risk (when the offtake is not in good finan-
cial standing)

✔✔ foreign exchange risk (when the contract is not in the 
currency of the loan, usually U.S. dollars)

✔✔ environmental and social risk, including cumulative 
impact on the watershed, airshed, and community

✔✔ technological disruption risk.
These are the main risks, and there are others, depending 
on the country and sponsor of the project, such as reputa-
tional risks. Different banks have various ways of perceiv-
ing, assessing, and weighing these risks. As such, they may 
perceive the same project differently. To attract investment in 
power systems, it is important for market designers to con-
sider that, on top of market risks—the ones addressed by 
market design—most of the listed risks are also assessed by 
investors and lenders. More complexity may add to efficiency 
gains in market outcomes but may make projects riskier, 
given the overall risk assessment.
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A View From Inter-American 
Development Bank’s Experience in 
Financing Renewable Energy Projects 
Latin America is abundant in natural resources, and overall 
the region’s power sector has a larger share of renewables 
than many other developing regions, especially thanks to the 
extensive development of hydropower. As of 2018, the elec-
tricity mix in Latin America and the Caribbean, in energy 
production terms, was 47% hydropower, 39% thermal gen-
eration, 2% nuclear power, 1% geothermal power generation, 
5% wind power, and 1% solar generation, with the rest from 
other sources. Some countries, such as Uruguay and Chile, 
already have a larger market penetration of variable power 
generation, such as wind and solar: 35% in Uruguay and 
6.7% in Chile. In 2018, Costa Rica ran with 99% renewable 
generation, mainly hydro followed by wind power.

In addition to having a rather clean power mix, the region 
is close to being the first developing area to achieve 100% 
electricity access. As of 2018, the electricity access rate in 
Latin America and the Caribbean stood at 97.6%. Haiti and 
Honduras are the only two countries with access rates well 
below the others, at 39% and 81%, respectively.

Given the load growth in the region, electricity demand 
in the period 2012–2018 grew by 88% overall in the 
region, and, in some subregions, such as Central America, 
demand grew by as much as 18%, as reported by the Latin 
America Energy Organization. In addition, many coun-
tries in the region increased policy support for renew-
ables, thus growing the need for effective mechanisms to 
incentivize low-cost generation, such as long-term elec-
tricity auctions.

The development of new renewable technologies, such 
as wind and solar power, has proceeded rapidly in Latin 

America, primarily due to long-term contracts awarded 
via auction mechanisms. This system was pioneered in the 
region by Brazil in 2005 and Uruguay in 2006 and rapidly 
extended to other countries, such as Chile and Mexico. 
The use of electricity auctions—a wholesale market design 
option that consists of competition for the market rather 
than in the market—has proven quite effective to accelerate 
the uptake of renewables in Latin American countries with 
growing demand and clear policy goals. 

The auctions are successful because those entities 
awarded long-term contracts, which usually range from 15 
to 30 years in a region’s first auction, provide revenue cer-
tainty to RE producers, help attract lower-cost financing, 
and, in tandem with reduced costs of RE, deliver lowest-
cost renewables. Revenue comes not only from the contract 
but also from other important factors, such as the credit-
worthiness of the contract offtakers and the market struc-
ture where they operate, improved by guarantee schemes 
when necessary.

While auctions continue to be very effective mechanisms 
to deploy renewables at a rapid pace and for competitive 
costs, there are signs in some markets that high penetra-
tion levels of renewables may introduce risks in the medium 
term. Auctions in Brazil, Mexico, Argentina, Chile, Peru, 
and Jamaica, from 2016 to 2019, awarded projects for a total 
of US$46.8 billion of new investments in RE. Projects com-
missioned from 2014 to 2019 added 27 GW of RE (mainly 
wind and solar power), mostly in the three largest markets 
in the region: Brazil, Mexico, and Chile. These additions 
represent historical increases in the addition of renewables 
in the region, as shown in Figure 1.

While long-term contracts at a fixed price are the com-
mon design of auctions in Latin America, projects still face 
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other challenges, such as dispatch risks that can result 
from sudden reductions in demand; increased inflexibility 
from old fossil fuel contracts or other must-run provisions; 
delays in transmission deployment; and regulatory rule 
changes, which are not uncommon. All of these factors can 
immediately impact both the performance of the contract 
and any partial merchant revenues from the market. Sud-
den shocks in demand growth projections have also led to 
oversupply situations in some markets, such as Uruguay, 
Peru, and Costa Rica. With these scenarios in mind, the 
importance of improving the governance and technical 
quality of auctions seems to be more pressing as the share 
of renewables increases.

The successful development of RE resources in Latin 
American countries has been supported by the Inter-Ameri-
can Development Bank (IDB), both through technical assis-
tance in developing the policy and regulatory environment 
for renewables and through financing projects with a variety 
of instruments, such as loans, guarantees, and policy sup-
port lending. Other results in improving access and reducing 
emissions are indicated in Figure 2.

From 2016 to 2018, the IDB supported 4,400 MW of new 
renewable generation in the region, primarily wind and solar 
power as well as some hydropower. Most of these projects are 
privately owned and part of the successful auctioning pro-
cessed in many countries.

Based on extensive experience financing RE projects, 
the IDB has identified key elements that improve a project’s 
bankability and access to long-
term financing. These include an 
experienced sponsor with strong 
technical capabilities and finan-
cial expertise; a strong business 
model with a  st able  revenue 
stream from a credit-worthy off-
taker and competitive price; mer-
chant revenues, if any, projected 
conservatively for debt-sizing 
purposes; proven technology and 
in-depth analysis of output genera-
tion based on reliable data; and 
a stable and predictable regula-
tory framework.

The deployment of new technolo-
gies requires an enabling regula-
tory framework that ensures rev-
enue for a reasonable timeframe, 

which could vary for subsequent additions but allows for 
low-risk/low-cost financing. Technology risks could be 
mitigated with concessional or blended finance.

The rapid evolution of costs is posing a challenge in 
different markets. Early PPAs with RE projects are prov-
ing to be misaligned with current market prices. A solar 
photovoltaic (PV) PPA signed in 2016 is almost double the 
price of a PPA signed in 2020, reflecting the rapid drop in 
the cost of the technology. Given the increase in efficiency, 
decreasing prices will continue to be a challenge until 
prices stabilize. 

However, for new technologies, like batteries or other 
storage solutions, a significant decrease in prices is expected 
as demand grows and efficiency gains are achieved at 
the manufacturing and design levels. In these cases, the 
challenge will be how to cope with the obsolescence risk 
from both the market designer and investor perspectives. As 
explained before, to achieve the virtuous process of decreas-
ing costs, low-risk financing needs to be available for such 
technologies. How can long-term financing be achieved 
with a potential obsolescence risk? On the other hand, 
how can regulators prevent assets from being stranded with 
high prices when new technologies become available?

One possible solution is to structure a buy-back fea-
ture in the regulatory scheme. Using this feature, the reg-
ulator may include an option to buy the stranded asset at 
the remaining asset value (nondepreciated value). Thus, 
a new technology with significantly lower costs could be 
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figure 2. Some results of the IDB in financing access to energy (Sustainable Develop-
ment Goal 7) and cleaner RE supplies (Sustainable Development Goal 12), 2016–2018. 
[Source: IDB Development Effectiveness Overview (2019); used with permission.]

A careful balance must be achieved between attracting competitive 
investments by shifting risks away from investors and achieving  
low-cost outcomes for consumers in the short and long terms.
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deployed and replace the stranded asset. The system would 
benefit from a significantly lower cost of the provided ser-
vice but would have to repay the replaced asset at the non-
depreciated value. The option value should be sufficient to 
cover the nonamortized value of the loan and equity so the 
financing risk is duly mitigated. Though proper balancing 
of the risk borne by developers and consumers is required, 
these potential innovative market design options should not 
be ignored if rapid decarbonization and low-cost supplies 
are the main objectives.

A View From the International  
Finance Corporation Investing in 
Renewable Merchant Projects With 
Decreasing Marginal Costs
The International Finance Corporation (IFC) has financed 
close to 55,000 MW of private power plants around the 
world. Nearly 10,000 MW of these investments are in hydro-
electric generation, 5,000 MW are in solar PVs, 5,000  MW  
are in wind, 1,500 MW are in geothermal power, and  
350 MW are in concentrated solar power. IFC has also 
financed several gas-fired power projects, including four 

large liquid natural gas-to-power projects and two floating-
storage regasification unit terminals. 

Presently, IFC manages a US$6 billion power generation 
portfolio (see Figure 3). Since 2007, IFC’s power genera-
tion business has grown rapidly by fivefold, with renew-
ables representing 75% of this growth. In addition to gen-
eration, IFC has invested in 32 distribution companies, 
which serve close to 60 million customers, and also in six 
transmission companies.

In most of its transactions, IFC has followed on the 
reform steps of its sister organization, the World Bank. In 
the 1990s, IFC successfully invested in the first independent 
power producer models in several countries and regions, 
including Mexico (1,700 MW), Pakistan (1,500 MW), the  
Philippines (1,500 MW), and Sub-Saharan Africa (1,000 MW). 
In the early 2000s, as the World Bank introduced unbun-
dling and competitive, deregulated wholesale markets, IFC 
started building a portfolio of 9,400 MW of fully or partially 
merchant power plants in more than 10 countries around the 
world (see Table 1).

As Table 1 shows, IFC has a long track record of invest-
ing in merchant projects, financing many first-of-its-
kind projects across multiple countries. With 9,400 MW 
financed on a merchant basis, IFC is a leader in investing in 
merchant projects in developing countries that bet on trans-
parent price signals in deregulated markets. The results of 
these merchant investments have been largely successful. 
The next sections comment on the lessons learned from 
some of these investments and how IFC’s appetite for mer-
chant investments is changing with an ever-larger penetra-
tion of zero-marginal-cost renewables.

Large Penetration of Renewables  
and Zero Marginal Cost
In 2013, IFC was among the first to invest in large utility-
scale solar PVs in Chile. When IFC made its initial invest-
ment, there was only a small, 2-MW solar plant. Today, 
there are more than 2,200 MW of solar generation in Chile. 
IFC invested in the first 300 MW. Three of the four proj-
ects were merchant, and one had a PPA. Similarly, in Tur-
key, IFC was the first bank to take merchant risk on 
4,000 MW of power generation, with RE projects account-
ing for half. The other half, invested in, are among the most 
efficient combined-cycle gas turbines in Europe and are 
totally flexible since they are not contracted. These plants 
play an important role in firming up the intermittency of a 
larger penetration of renewables.

Gas
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Other Fossil 
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39%

70%

41%

27%
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figure 3. IFC’s power generation portfolio by subsector for 
fiscal years 2007–2020, showing the percentage of generation 
portfolio share. (Source: IFC, www.ifc.org/infrastructure.)

In addition to generation, IFC has invested in 32 distribution 
companies, which serve close to 60 million customers,  
and also in six transmission companies. 
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Among the challenges merchant investments faced 
in these two countries was an ever-larger penetration of 
renewables, driven in large part by technological advances 
and the downfall in renewable equipment costs. The addi-
tional factors of the collapse in oil prices from US$100/
barrel (bl) to US$35/bl, the economic slowdown of China 
(Chile’s largest copper export market), and the recession 
in Europe (Turkey’s largest export market) prompted elec-
tricity spot prices to collapse from an average of US$100/
MWh to US$40/MWh.

In Chile’s case, the situation was exacerbated due to trans-
mission constraints. Renewables were built faster than trans-
mission lines, and the Atacama region, home to Chile’s best 
solar resources, were decoupled from Santiago, the largest 
demand center. Solar projects experienced zero marginal 
cost for several years due to delays in transmission construc-
tion. This is also a problem in other markets, such as India 
and China, that have seen large renewable curtailments due 
to transmission constraints.

With proper due diligence and robust financial structur-
ing, IFC was able to cope with the above shocks or, rather, 
the size of their impact, technological disruption was per-
haps the only aspect that was completely unexpected. This is 
what IFC calls “first-mover disadvantage.” In fewer than five 
years, solar PV investment costs collapsed from US$2,200/
kW to under US$1,000/kW.

Of Chile’s four separate electricity market segments, 67% 
of installed capacity (13 of 20 GW) was in the Central Inter-
connected System (SIC), serving the country’s central zone, 
which includes Santiago and about 92% of the population.  The 
second-largest system was the Northern Interconnected Sys-
tem (SING), with 20% of installed capacity (4 GW) serving 
the desert-mining regions in the north. At the time of IFC’s 
investments, up until November 2017, the SIC and SING sys-
tems were not interconnected, largely due to social opposition 
to transmission expansion.

Figure 4(a) shows the spot prices before and Figure 4(b) 
illustrates the spot prices after the commissioning of the 
transmission line and its effect on electricity spot prices. At 
certain hours, this included zero marginal costs in the north-
ern SIC [the yellow lines in Figure 4(a)]. In consequence of 
the transmission constraints and larger renewable penetration, 
Investors and lenders in Chile’s solar PV projects experienced 
zero marginal cost in the northern SIC for almost four years.

Lessons From Chile: Technological Disruption 
and Merchant Investments
The Chile merchant projects were structured based on spot 
price forecasts from reputable power market consultants, 
which relied on what were then considered conservative oil 
price forecasts compared to other estimates in the market. 
Still, the rapid descent in power prices in the northern SIC 
system (to zero at some hours in the day for specific network 
nodes) was not foreseen by anyone in the market. From this 
experience, several lessons can be drawn.

✔✔ Cannibalization of spot prices from rapid RE devel-
opment: The projections relied heavily on free-mar-
ket forces, namely, that investors stop investing (and 
banks stop financing) when faced with prospective 
overcapacity or transmission constraints. In reality, 
power producers rushed into the market, encour-
aged by 1) collapsing solar equipment costs, 2) the 
availability of relatively inexpensive financing, and 
3) specific features of the power market model that 
made generators indifferent to signing a contract with 
a distribution company to sell at the node price ver-
sus taking full merchant exposure to sell on the spot 
market. Despite the strong decoupling phenomenon 
identified (between the two transmission extremes 
of the SIC), investors kept building solar PV proj-
ects (mostly merchant), which rapidly decreased spot 
prices in the region. IFC’s projects were the first 
300-MW solar projects in Chile’s north, followed by 
another 2,200 MW.

✔✔ Transmission curtailment: Delays in transmission 
expansion severely impacted node prices. Moreover, 
renewable projects can be built at a staggering speed 
compared to the necessary transmission, which in-
creases the risk of a price collapse. Transmission cur-
tailment risk is one of the key issues when financing 
RE projects around the world. Many provinces in 

table 1. IFC merchant or  
quasi-merchant investments.

Country

Year of  
First  
Project Technology

Number 
of 
Projects

Megawatts 
Installed

Chile 1991 Hydro, 
solar, 
thermal, 
and wind

11 2,017

India 2004 Hydro 1 192

Turkey 2008 Thermal, 
hydro, and 
wind

7 4,476

The 
Philippines

2008 Hydro and 
thermal

1 1,035

Colombia 2008 Hydro 3 10

Panama 2010 Hydro, 
wind, and 
thermal

2 679

Romania 2010 Wind 2 228

Georgia 2011 Hydro 3 267

Peru 2011 Hydro 1 168

Mexico 2013 Solar 3 329

Total 34 9,400

(Source: IFC, www.ifc.org/infrastructure.)
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India and China have also curtailed renewable genera-
tion due to transmission issues.

✔✔ Correlation to commodity prices: Electricity spot prices 
are heavily affected by commodity price fluctuations. 
When investing in a high oil price cycle, one should con-
sider the possible effects of a future decline in oil prices.

✔✔ Technological disruption: Early investors in RE have 
faced “first-mover disadvantage.” The collapse in re-
newable capital costs has also affected feed-in-tariff 
schemes in Europe, with many being renegotiated. In 
all of its new merchant investments, IFC runs a tech-
nological disruption scenario. When IFC invested in 
Chile’s first solar projects, the investment cost of PV 
solar was at US$2,200/kW. Today, PV solar projects 
can be built for fewer than US$1,000/kW.

✔✔ PPAs are not necessarily the best solution for all 
problems: In a multinodal market hampered by trans-
mission constraints, PPAs are not necessarily a better 
alternative than merchant projects for investors and 
lenders alike, given the potential for negative contract 
margins due to transmission constraints. Further-
more, technological disruption is making first-mover 
PPAs unsustainable for both the producer and off-
taker, and those PPAs are quickly becoming out of 

market, which poses long-term problems for 15–20-
year contracts.

✔✔ Capacity payments: IFC’s past success in merchant 
plant finance, in Chile, was mainly due to the existence 
of capacity payments. It was the capacity payments 
that made those projects bankable. (In some of IFC’s 
merchant investments in Chile, close to 30–40% of the 
revenue came from capacity payments. These capacity 
payments were guaranteed since they were regulated 
payments.) With technology disrupting the power sec-
tor, capacity payments are at risk, especially for VRE, 
since they are meant to remunerate plants that pro-
vide firm capacity at critical hours only, and as more 
solar power penetrates the systems, the critical hours 
keep shifting to the night. A lack of capacity payments 
means that the structuring approach to merchant plant 
financing needs to be re-evaluated and refined.

Focus on Asia: The Need for  
Transition and Exit Strategies 
Global coal capacity stands today at just more than 2,000 GW. 
Almost 70% of this capacity is in Asia, with 1,000 GW in 
China, 205 GW in India, and another 200 GW in the rest 
of Asia. There are other significant coal-dominated systems, 
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including South Africa (40 GW) and Indonesia (40 GW). 
Global coal generation increased from ~6,000 to ~10,000 TWh 
from 2000 to 2015 (and global coal production has increased 
from 4.6 to 7.3 billion tons over the same period). 

However, there is an interesting twist to this growth story 
in the last five years, as coal generation is widely believed 
to have peaked around 2014–2015, stabilized since then, 
and even decreased slightly. The entry of renewables glob-
ally, especially feed-in-tariff-driven subsidized renewables 
in many markets (including China and India), contributed 
to this stabilization of coal. The average utilization of coal 
plants globally has dropped from a peak of 66% in 2015 to 
51% in 2016, raising concerns around stranded capacity and 
the rapid retirement of coal assets.

A 2018 report by the Rocky Mountain Institute posits 
an accelerated phase-out of 200 GW of coal over the next 
decade and more than 1,200 GW of coal worldwide over 
the next 30 years (see the “For Further Reading” section). 
According to the report, 42% of the coal capacity glob-
ally could already be operating at a loss—a number that is 
expected to grow to 56% by 2030.

Coal generation must be reduced substantially to make 
room for renewables in Asia and parts of Africa. How-
ever, this process will be difficult and expensive. There 
are US$255 billion worth of stranded assets in addition 
to US$234 billion in decommissioning costs, i.e., a nearly 
half-trillion-dollar puzzle that needs to be solved to pave 
the way for RE. To integrate renewables into markets suc-
cessfully, solutions must be found to difficult and expen-
sive challenges, such as paying for stranded assets, closing 
mines and plants, undertaking environmental remedia-
tion, and developing social programs to compensate/
reskill employees.

These solutions would not necessarily lie in the scope of 
markets, but unless they are addressed somehow, it is dif-
ficult to see how the transition from coal to renewables can 
be accelerated. Many of the long-term contracts that made it 
difficult for solar/wind to come in or led to significant cur-
tailment (e.g., 20–30% in parts of India and China in recent 
years) could persist.

There are other challenges in supporting solar and 
wind that we have alluded to in the preceding discussion, 
namely, building and, in some cases, upgrading and reori-
enting transmission and distribution to accommodate vari-
ability in solar/wind. These investments can be substantial 
depending on the level of penetration of solar/wind and will, 
for the most part, remain in the domain of public finance. 

Some of the mega transmission projects in India and China 
have already accounted for US$2–6 billion per project for 
±800–1,100-kV ultra-high-voltage (HV) dc and 1,200-kV 
HVac projects. Integrating the southern, western, and east-
ern power pools in Africa would also cost tens of billions 
of dollars over the next decade to ensure the connection of 
regional scale-efficient hydro and solar/wind. 

In general, these upgrades to transmission and distri-
bution are an expensive proposition in most parts of the 
developing world, from small island nations to very large 
power systems. Even if these upgrades are undertaken, 
there remains the issue of flexible generation capacity 
that needs to accompany solar and wind. While their 
lower costs make solar and wind attractive propositions 
to displace expensive thermal energy sources (especially 
liquid fuel and gas) in some parts of the world, flexible 
generation—be it storage/pumped-storage hydro, open-
cycle gas, imports from another system, or battery stor-
age—can be expensive.

As markets in Europe, parts of the United States, and 
Australia have demonstrated, although it is possible, to some 
extent, to attract flexible generation through appropriate 
capacity and balancing markets, much work remains to be 
done. As noted before, less mature markets in other parts of 
the world make renewable integration an even more challeng-
ing proposition. Absent adequate transmission/distribution 
capacity and/or flexible generation, a very large penetration of 
solar/wind would either not be achieved or, if strongly incen-
tivized with a subsidy, would continue to result in significant 
curtailment, inefficient dispatch, and grid stability issues.

Potential Solutions: Focus on India
Strategies exist that could accelerate the process of decar-
bonization, bringing in solar/wind/hydro and other renew-
ables and storage as well as raising the necessary invest-
ments. We discuss these in the context of India, which is a 
significant RE hub poised for rapidly scaling up its renew-
able base.

The Indian power system has a total installed capacity of 
370 GW (as of March 2020), including 205 GW of coal, 35 GW 
of solar, and 37 GW of wind. There is a renewable policy 
goal to first get to 175 GW of renewables by 2022, including 
100 GW of solar and 60 GW of wind. The medium-term 
goal is to scale further to 450 GW by 2030. Although the 
country has made significant strides initially with wind and, 
more recently, with solar, it has also experienced many of the 
problems discussed previously. 

Attracting new investment in competitive-cost  
generation to supply the demand in a timely  
manner is a priority objective. 
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Highly inflexible PPAs force inefficient coal units to 
run at 55–70% minimum loading, although 62% or ~127 GW 
of the existing coal capacity has operating costs greater 
than those of new renewable projects as of 2018. As coal 
PPAs dominate generation, the day-ahead market (DAM) 
has extremely low liquidity of 4% after nearly 12 years of 
operation. There has been no participation of solar/wind 
in the market. There are close to 50 GW of hydro in the 
system, but the larger storage units are multipurpose proj-
ects with restrictions on their ability to provide ancillary 
services. There is limited flexibility in the system and no 
ancillary services market set up to incentivize entry of 
new capacity. 

The interstate transmission system is very robust, with 
more than 100 GW of capacity already in place, including 
±800 kV of HVdc and a 1,200-kV HVac line under construc-
tion. However, intrastate transmission capacity has been a 
bottleneck, and renewable curtailment in some states, espe-
cially wind in the south, has been triggered by such con-
straints. Regional electricity trade has been well below 1% of 
the annual regional electricity demand consistently for more 
than a decade, making it one of the least connected regions 
in the world.

Going forward, here are suggestions for possible solu-
tions to address these issues.

✔✔ A structured coal plant retirement program needs to 
be developed by expanding on the 25-GW coal plant 
retirement (by 2027) slated in the current government 
plan. Coal plants can be repurposed wherever possible 
to retain or even enhance the dynamic reactive power 
and inertia services, e.g., through conversion of the 
generator to a synchronous condenser. There is also 
the possibility of using part of the site to install RE 
generation (e.g., solar PVs) and battery storage. The 
World Bank is currently developing an accelerate coal 
transition facility to develop these ideas and finance 
these projects initially in India and South Africa.

✔✔ The average solar and wind contract prices have fallen 
below US$0.044 per kWh (₹3/kWh) since late 2019, 
making them lower than the operating cost of many of 
the existing coal plants. Our analysis of 15-min whole-
sale spot prices in the DAM over the past five years 
suggests that solar and wind would have been compet-
itive in the market. It would make sense to bring solar 
and wind—at least part of the new VRE projects—to 
bidding in the market to enhance liquidity. It would 
also be important to develop a market-based mecha-

nism (e.g., contract for differences) to bring some of 
the thermal capacity currently on long-term PPA into 
the market. These issues are being actively discussed 
by the Ministry of Power in India as part of a road map 
to redesign the future electricity market. India needs a 
minimum of US$10 billion of new investment in solar 
and wind annually over the next decade to meet its 
renewable policy targets by 2030. Active market par-
ticipation in a liquid DAM and real-time market that 
started on 3 June 2020 is expected to facilitate such 
investments to be led by the market mechanism.

✔✔ An ancillary services market, co-optimized with the 
energy market, is also recognized as a critical compo-
nent to ensure new-storage hydro, pumped-storage 
hydro, open-cycle gas turbine, and battery storage can 
all be developed in a market-oriented way. A World 
Bank analysis of historic DAM prices suggests that a 
combination of ancillary services payments at US$2/
MWh and arbitrage in the DAM would render a bat-
tery electric storage system moderately attractive, and 
at US$4/MWh, it would be a reasonably strong busi-
ness case.

✔✔ Finally, the regional dimension of the market is also 
critically important, as India can catalyze faster devel-
opment of hydro in Nepal (with an economic potential 
of 42 GW) and Bhutan (25 GW) than it can import to 
support solar/wind. In turn, India can also export power 
to countries like Bangladesh and Sri Lanka that have 
limited primary energy supplies. Given the complexity 
of developing large-scale hydro in India, regional hydro 
projects can be a potent option. One of our analyses in-
dicates that every gigawatt of hydro, even with limited 
storage, can support the variability of at least 4 GW of 
solar and wind in India through the provision of spin-
ning reserve. We also find that a combination of cross-
border hydro, complemented by battery storage for ad-
ditional frequency-control ancillary services, can be an 
important part of the decarbonization strategy in the re-
gion. Developing additional cross-border transmission 
infrastructure rapidly would be a core part of this strat-
egy, and this will require up to US$2 billion in the short 
to medium term until 2030, followed by additional in-
vestments to form a deeply integrated ac network. There 
is a thriving economic case for these projects supported 
by multiple studies conducted by the World Bank, U.S. 
Agency for International Development, and the Asian 
Development Bank.

Institutional capacity is at the core of achieving good results  
of many market reforms in the power industry  
of the developing world.
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Conclusions and Recommendations From 
Developing Banking Practitioners
Implementing market reform and the appropriate market 
design for developing countries needs to be viewed in the 
overall context of the institutional capacity, market structure, 
social acceptability of fluctuating prices, and many compet-
ing objectives, such as effectiveness in bringing needed supply 
and the efficiency of the different mechanics. With that said, 
some general messages and recommendations from more than 
30 years of market design in LAC can be drawn, looking for-
ward to grids with ever-growing shares of renewables.

Market Design and Institutional Design  
Should Be Considered Together
Institutional capacity is at the core of achieving good results 
of many market reforms in the power industry of the develop-
ing world. Market design should always be adapted to local 
realities and consider the needed institutional arrangements 
and capacities to execute, supervise, and generate social 
acceptance of the implementation and outcomes of a market 
design. Price fluctuations at the retail level tend to be less 
socially acceptable in developing countries since expendi-
tures in energy can represent a larger share of consumers’ 
total expenditures and also due to other local social and polit-
ical realities. 

Market design should not be separated from the institu-
tional design process and other regulatory aspects, such as 
the effectiveness of price formation at the retail level. Some 
market designs, e.g., energy-only markets, would be more 
difficult to implement in a context where retail price stabil-
ity is an objective and attracting low-cost investments is a 
primary objective. 

Prioritize Design Options Based on  
Specific Objectives 
Over the past few years, developing countries faced rapid 
demand growth. Attracting new investment in competitive-
cost generation to supply the demand in a timely manner is 
a priority objective. Some market designs are more effective 
at achieving such objectives than others, and a clear set of 
goals should be used to weigh different options. If demand 
growth were zero or negative, as happened over the past 
few years in leading developing countries with more mature 
market designs, then the efficiency objective may be more 
important. Usually, design options will be weighed based on 
effectiveness versus efficiency objectives, which run counter 
to each other in many cases. Therefore, defining and priori-

tizing a clear set of measurable objectives is critical in the 
choice of market design process.

Do Not Underestimate Structural Limitations 
and the Need for Fair Play 
Structural limitations, such as vertical and horizontal inte-
gration or a high level of concentration in any of the segments 
such as generation and retail sales, make it difficult to achieve 
results using many market design models. Since no market 
design can solve structural concentration issues, structural 
changes, such as the separation of functions or legal limits to 
market share, should be priority activities. Likely, the neces-
sary changes include full separation and independent gover-
nance of system operation functions, which have not been 
fully achieved in many developing countries. 

In addition, where government-owned entities such as 
utilities are key actors, the importance of institutional gover-
nance is of utmost importance. It is necessary to ensure that 
state-owned entities have private-like orientation or at least 
the public sector goals are stated clearly and financed prop-
erly, without affecting the level playing field, proper efficient 
cost recovery, and price formation in wholesale markets. 

Transmission Continues to Be a Bottleneck
In many developing countries, transmission is the least costly 
part of electricity infrastructure. Despite the fact that practices 
have been put in place to speed up transmission investment 
via, for example, better planning, the expansion of grids in a 
timely and nondiscriminatory fashion continues to be a recur-
rent challenge in many markets. Wholesale markets need 
robust transmission grids to function properly, especially with 
a large share of renewables. It is crucial to maintain a pace 
of investment aligned with the growth of generation and con-
tinuously improve access procedures. Transmission should be 
seen as a barrier that needs to be reduced as fast and cost-
effectively as possible, with clearer and more effective expan-
sion and execution instruments via multiple actors as well as 
simple, yet effective, cost-recovery mechanisms. 

Stable Revenues via More Flexible Contracts 
Continue to Be a Key Design Feature
Capacity payments, such as those in Chile, provide a secured 
revenue stream for peaking power. Long-term contracts also 
provide such stability for energy and capacity projects. Mar-
kets may reduce costs by continuing to attract investments 
with a long-term amortization period. In developing mar-
kets that have large price-regulated retail segments, this will 

Since no market design can solve structural concentration issues, 
structural changes, such as the separation of functions or legal limits 
to market share, should be priority activities. 
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require continuing to provide long-term contracts, gradually 
developing flexible contracting mechanisms to cope with 
obsolescence risk, improving wholesale competition, and 
better managing supply security. 

Some of the key features will still include a mecha-
nism of competition for the market that continues to rely 
on planning to determine contracting levels and reliability 
requirements, coupled with better tools and governance to 
avoid over- or undercontracting. In addition, there should be 
contracts that are more flexible than standard PPAs, with 
different durations but certain standardization that makes 
them understandable and bankable for both regulated and 
unregulated consumer segments. System flexibility and 
variability, while not yet a generalized challenge for many 
developing countries, could be solved by allowing system 
operators to use new tools, such as storage, directly. In some 
cases, this may be preferable to a solution that relies on the 
perfect disaggregation of all ancillary services or requires 
storage to be a fully unregulated activity.

In countries where coal or other fossil-fuel generation 
still dominates, a clear and financed strategy to decommis-
sion assets may be needed to increase the penetration of 
renewables. Many countries, especially in Asia, relied heav-
ily on long-term PPAs to attract needed investment in gen-
eration. Even at low levels of RE penetration, inflexibility in 
some of these contracts (similar to must-run provisions) are 
increasing the curtailment of renewables.

While renewable costs continue to quickly decrease, the 
risk of curtailment could derail efforts toward increasing 
renewable penetration. In addition to providing appropriate 
market design via ancillary services and other regulatory 
instruments to foster a flexible system, a specific transition 
and exit strategy may be needed to deal with premature plant 
retirements if RE goals are to be met. This should include 
appropriately financed transition plans, when appropriate, to 
deal with such retirements.

Accelerate Demand and Distributed Solutions, 
Including Electric Mobility
The industrial load in some developing regions represents 
a particularly large share of electricity demand, given low 
household demand. Such structural conditions can be help-
ful to foster demand-response programs to help improve 
system flexibility. Demand management will be key to 
manage large shares of renewable generation, especially in 
more extreme climates, such as hot countries close to the 
equator, where the demand for cooling is a large driver of 
demand growth. Distributed-generation and demand-man-
agement solutions may be more valuable in such contexts. 

In addition, the rapid electrification of electric public 
transportation—already taking off in some cities in the 
developing world, especially in China, India, and some 
countries in Latin America—and its full two-way integra-
tion with the grid could become a real and sizable tool to 
manage variability. Thousands of electric buses already on 

the streets represent hundreds of megawatthours in electric-
ity storage whose value to grid flexibility is waiting to be 
tapped. Wholesale market design also needs to be cogni-
zant that a single centralized wholesale market will need to 
accept, rather than push away, other forms of energy trade 
that are less centralized and closer to the consumer.
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T
THE AUTHOR OF AN ARTICLE OR 
a book about a single person is in dan-
ger of focusing heavily on that per-
son’s accomplishments and neglecting 
the broader picture so that the result 
is a hagiography. I will try not to fall 
into that trap. I start out by quoting, 
in a condensed version, from Harold 
C. Passer’s superbly researched The 
Electrical Manufacturers: 1875–1900, 
published in 1953:

The beginning of the arc-light-
ing industry can be divided into 
three stages. In the first stage, 
many inventors tried to develop 
a practical system, without suc-
ceeding. In the second stage, 
one of the many engineer-en-
trepreneurs carried out the act 
of innovation that founded the 
arc-lighting-equipment indus-
try. That pioneer innovator was 
Charles Brush. He combined in 
one person the commercial abil-
ity to envision where arc lighting 
could be used successfully and 
the technical ability to invent an 
arc-lighting system that fitted his 
commercial vision. Most cities 
of any size were buying light for 
their streets from gas companies, 
a potential market for arc lamps. 
With this commercial vision be-
fore him, Brush solved the tech-
nical problems. The result was 
the spectacular success of the 

Brush Electric Company. In the 
third stage, engineer-entrepre-
neurs entered arc lighting after 
Brush had shown that it could be 
commercially successful. One of 
these entrepreneurs was Elihu 
Thomson. The Thomson–Hous-
ton system was probably the most 
reliable and lowest in operating 
cost when it was introduced.
After its introduction, in 1880, in-

candescent electric lighting gradually 
began to displace gas lighting in small 
indoor environments, but it failed to 
make inroads into arc lighting for 
streets and large indoor areas before 
high-intensity light bulbs were devel-
oped. In 1887, fully one-half of the gen-
erating capacity of the central stations 
in the United States came from arc 
light dynamos. In 1902, only 386,000 

arc lamps were sold in the United 
States, compared to approximately 18 
million incandescent bulbs. But that 
comparison does not present the whole 
picture from the standpoint of revenue, 
because roughly 170 million arc car-
bons were consumed that year, with a 
total price tag of some US$5 million, 
with each carbon burning for only 
about 8 h, compared to hundreds of 
hours per incandescent bulb. My esti-
mate of the revenue from the sale of 18 
million incandescent bulbs in 1902 is 
also approximately US$5 million. Both 
figures are based on prices in a 1904 
General Electric catalog.

Background
Alessandro Volta’s invention of his 
electrolytic voltaic pile, announced 
in a letter read at the Royal Society 
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in London, on 26 June 1800, revolu-
tionized electrical research. The sig-
nificance of Volta’s invention—the 
production of a sustained electric cur-
rent—was recognized immediately 
by many researchers. One of them 
was Cornish chemist and inventor 
Humphry Davy. In September 1800, 
he showed that charcoal acted as an 
electrical conductor and produced a 
“spark when made a medium of com-
munication between the ends of the 
galvanic pile of Signor Volta.” Davy 
did not suggest the use of this phenom-
enon for illumination. He would do 
that a decade later. In 1803, Russian 
physicist Vasily Petrov produced light 
by connecting closely spaced pieces 
of charcoal to the terminals of a very 
large battery bank. In 1810, Davy dem-
onstrated, at the Royal Institution in 
London, a primitive arc lamp powered 

by a battery bank of 2,000 cells, which 
had a total surface of 83 m2. More prac-
tical arc lamps would be invented af-
ter the introduction of steam-powered 
magnetoelectric generators during the 
1840s. Early viable arc lamps used 
complicated clockwork mechanisms 
and other components to keep the gap 
between the tips of the two carbon 
rods constant as the carbons burned 
away gradually. When Brush genera-
tors, regulators, and arc lamps were 
being installed in 1878, dynamo elec-
tric generators had largely supplanted 
magnetoelectric ones.

Charles F. Brush
Charles F. Brush (Figure 1) was born 
on a farm near Cleveland, Ohio, on 17 
March 1849. I have found not a single 
published book-size biography of this 
pioneer of electric lighting and central 

stations. An unpublished rough draft 
written around 1950 and an unpub-
lished Ph.D. thesis dated 1967 can be 
accessed at digital.case.edu, a website 
of the Kelvin Smith Library at Case 
Western Reserve University, Cleve-
land. As a teenager, Brush experiment-
ed with batteries, magnets, telescopes, 
and microscopes. After high school, 
he enrolled at the University of Michi-
gan, Ann Arbor, where he graduated, 
in 1869, with a degree in mining engi-
neering. He moved to Cleveland, where 
he organized a chemical analysis busi-
ness and, for a short time, engaged in 
the marketing of iron ore and pig iron. 
His start as an inventor of dynamos and 
arc lamps was facilitated by a child-
hood schoolmate, George W. Stockly, 
vice president and manager of the Tele-
graph Supply Company of Cleveland, 
a manufacturer of telegraph equipment 
and other electrical devices. I obtained 
the following timeline of contracts be-
tween Brush and Stockly’s company 
from digital.case.edu.

Stockly was impressed with Brush’s 
ideas about the commercial possi-
bilities of electric lighting, and he en-
couraged Brush to design and build a 
dynamo, which Brush did, in 1876. An 
agreement, dated 7 June 1876, granted 
the firm the exclusive right to manufac-
ture and sell Brush dynamos and all the 
improved forms of that machine. The 
company assumed financial responsi-
bility for development and marketing 
and for the expenses of patent applica-
tions. Brush would receive a royalty of 
20% of the selling price for anything 
that was his invention. To preserve 
quality, Brush had to approve any de-
viation in the machine designs he sup-
plied to the company.

The arrangement was modified in a 
memorandum of understanding, dated 
1877, because production and sales 
were slow and the royalties too meager 
for Brush to live on. Brush would re-
ceive US$150 a month as an advance 
on his royalties and, in return, work full 
time on electric lighting development. A 
more detailed one-year agreement was 
signed on 24 March 1877 and extended 
for another year on 3 April 1878. A 

(a) (b)

figure 1. (a) Charles F. Brush. (Source: “Charles Francis Brush,” Scientific  
American Supplement, vol. 18, p. 7,287, 1884.) (b) A Brush arc light tower in San 
Jose, California, in 1882. Brush Electric recommended placing its arc lights on  
tall towers, thus signaling that the lights were too bright for general use close  
to the ground. (Source: “Tower system of electric lighting,” Mechanics, vol. 1,  
pp. 292–294, 1882.)
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supplemental agreement between Brush 
and the Telegraph Supply was signed on 
1 July 1880. On 19 August 1880, Tele-
graph Supply changed its name to Brush 
Electric because it had become appar-
ent that its business would be mainly the 
manufacture and sale of Brush electric 
lighting equipment. An agreement be-
tween Brush and the company, signed 
27 July 1886, gave Brush a one-time 
payment of US$46,666.67 and company 
stock with a value of US$500,000, in 
return for a full transfer of patent rights 
to the company.

Brush Electric
Telegraph Supply was incorporated, 
in 1875, with a capital of US$100,000, 
with Stockly as vice president and Mor-
timer D. Leggett, a former major gener-
al in the Union Army during the Civil 
War and a previous U.S. commissioner 
of Patents, as president. In May 1880, 
the company’s factory was destroyed 
by fire, and nothing was saved but the 
contents of the iron safe. A larger build-
ing, but still a very small one, was soon 
found and equipped with manufactur-
ing machinery. The plant churned out 
dynamos, arc lamps, and carbons at a 
rapid pace, and sales were brisk. Busi-
ness increased so rapidly that, within a 
few months, it was clear that the 1880 
facility would be too small. The com-
pany purchased a six-acre lot, on which 
a larger plant was completed in 1881 
(Figure 2). The same year, the capital 
of the now Brush Electric Company 
was increased to US$3 million.

Revenue came from sales to private 
users and subsidiary organizations 
formed for furnishing lights from a 
central station and from sales of patents 
rights. The 1881 plant almost doubled 
in size by 1886. Stockly was president 
by then. A company report (in Ameri-
can Electrical Dictionary for 1886) 
that year claimed that the factory was 
“the most extensive electrical works 
in the world” and that “it enjoyed the 
lion’s share of the arc light business.” 
Figure  3 shows the very large Brush 
factory, circa 1888. In 1889, Thomson–
Houston acquired control of Brush 
Electric. The circumstances that led to 

figure 3. The Brush Electric factory in 1888. (Source: Dynamo-Electric Machines 
for Arc and Incandescent Lighting, Electric Motors, Electro-Plating Machines, Stor-
age Batteries, Carbons, etc. Cleveland, Ohio: Brush Electric Company, 1888.)
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this takeover will be presented in the 
“Competition” section.

Brush Dynamos
Before 1877, manufacturers of arc 
lighting dynamos tested their machines 
mainly to ascertain that the devices 
would make arc lamps produce sat-
isfactory light. Testing for efficiency 
was not a high priority, and little was 
known about the relative efficiencies of 
the different makes of dynamos. In the 
fall of 1877, the Franklin Institute, in 
Philadelphia, began systematic tests of 
Brush, Gramme, and Wallace–Farmer 
dynamos. Siemens dynamos were 
not tested because a machine was not 
made available. The Brush and Wal-
lace–Farmer machines included arc 
lamps provided by those companies, 
but, as noted in Journal of the Frank-
lin Institute, the Franklin Institute 
“quickly established the suitability of 
the Brush lamp as the source of light 
for all the machines.” At the end of the 
trials, in the spring of 1878, a commit-
tee evaluated the results and concluded 
that “the small Brush machine, though 
somewhat less economical than the 
Gramme machine, or the large Brush 
machine, for the general production of 
light and of electrical currents is, of the 

various machines experimented with, 
the best adapted for the purposes of the 
Institute for the following reasons: It is 
admirably adapted to the production of 
currents of widely varying electromo-
tive force and produces a good light.… 
It possesses great ease of repair.”

Zénobe Theophile Gramme (1826–
1901), born in Belgium, invented a dy-
namo more suitable for industrial uses 
than earlier ones. In partnership with 
French electrical engineer Hippolyte 
Fontaine (1833–1910), he founded So-
ciété des Machines Magnéto-Électriques 
Gramme, in France, in 1871, which 
began manufacturing the dynamos in 
1872. Brush decided to design a dy-
namo more suitable for commercial arc 
lighting than the Gramme machine. He 
built his first dynamo in 1876 at his fa-
ther’s farm, with components made at 
Telegraph Supply and with other parts. 
In the absence of a steam engine, he 
attached the device to a horse-drawn 
treadmill used for sawing wood. It 
worked. He filed a patent application on 
11 November 1876. Patent No. 189,997 
was issued 24 April 1877.

Brush designed his dynamos (Fig-
ure 4) for optimally feeding a constant 
current to multiple arc lamps in series. 
The armature, commutator, and ar-

rangement of the field magnets (Fig-
ure 5) all differed from Gramme’s 
design. Gramme’s circular armature 
rotated on a spindle between field 
magnet poles above and below, exert-
ing a strong inducing action upon only 
the outer edge of the armature. Brush 
used two U-shaped field magnets fac-
ing each other across a gap in which a 
circular armature rotated, so both sides 
of the armature were exposed to the in-
ductive influence of the field magnets.

Brush’s “open-coil” armature was 
unprecedented. His bobbins of wire 
were not connected in a single circuit 
(closed coil). Instead, only each pair 
of diametrically opposite bobbins was 
connected, with the two free ends of 
the conductor thus formed attached 
to diametrically opposite segments of 
the commutator. Each pair of bobbins 
was independent of the other pairs. 
The popular No. 7 dynamo had four 
pairs of bobbins and a commutator 
with four separate rings of metal to 
accommodate them; each ring con-
sisted of two nearly semicircular seg-
ments separated by gaps designed to 
enable the proper functioning of the 
current-collecting brushes (Figure 5). 
All dynamos prior to Brush’s used 
closed-coil arrangements.

The sophistication of Brush’s in-
vention, when he was 27 years old and 
with a degree in mining engineering, 
was made apparent at a meeting of the 
American Institute of Electrical En-
gineers on 22 May 1891, at which the 
lecture “A Study of an Open-Coil Arc 
Dynamo” was presented. The resulting 
14-page article, which contained many 
experimental data, failed to explain ex-
actly why the open-coil dynamo was so 
successful for powering arc lights. The 
following is an excerpt:

Of all the dynamo machines in 
use at the present day, perhaps 
the internal action of none is so 
little understood as that of the 
arc lighting machines of the open 
coil armature class. Much con-
cerning the regulation and gen-
eral behavior of these machines 
seems utterly at variance with 
what one would naturally expect 

figure 4. The Brush 40-light No. 8 dynamo of 1880. It was 89 in long × 28 in 
wide × 36 in high, weighed 4,800 lb, and used with 2,000-candlepower lamps 
in series. (Source: The Brush Electric Light. Cleveland, Ohio: Brush Electric 
Company, 1881.)
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from a superficial examination 
of the design and construction, 
and it is with the idea of throw-
ing some light on this seeming 
mystery that the investigation to 
be described was undertaken.… 
Is the machine well suited for arc 
lighting? The vast numbers of 
these dynamos in daily use in all 
parts of the world is a practical 
answer which must carry more 
weight than any which might be 
suggested by a theoretical study 
of the machine.… It is to be re-
gretted that time did not permit 
the measurement of the exact 
electromotive force in a separate 
coil of the armature …

Brush Arc Lamps
Brush filed his first patent applica-
tion for an arc lamp on 28 September 
1877; patent 203,411 was issued on  
7 May 1878. Brush arc lamps were 
very successful because of their sim-
ple construction, which included no 
clockwork (Figure 6). Up to 16 or more 
Brush arc lamps could be operated in 
series, powered by the Brush No. 7 
dynamo, with each carbon set lasting 
roughly 8 h. Lamps with two or three 
carbon sets for unattended 16- or 24-h 
operation were available, in which a 
Brush-invented mechanism automati-
cally switched from one carbon set 
to another. It is noteworthy that the 
Brush No. 7 dynamo and larger ones 
had to be high-voltage generators to 
power arc lamps in series. The voltage 
drop across a Brush arc lamp was typi-
cally about 50 V, so a 16-lamp system 
would require an 800-V dynamo. The 
40-light No. 8 dynamo (Figure 4) op-
erated at 2,000 V.

Brush also developed carbons that 
were more suitable for the large-scale 
use of arc lighting than existing ones. 
Thin carbon points provide better illu-
mination than thick ones, but they were 
not practical before Brush’s invention 
because of their high resistance and 
rapid consumption. Brush solved the 
problem by copper-coating the carbons 
(U.S. patent 196,425, filed on 21 Au-
gust 1877 and issued on 23 October 

figure 5. The wiring diagram of the Brush No. 7 dynamo. (Adapted from Silvanus 
P. Thompson, Dynamo-Electric Machinery, 2nd ed. London: E. & F.N. Spon, 1886.)

(a) (b) (c) (d) (e) (f) (g) (h)

figure 6. (a) The Victor Serrin arc lamp, circa 1860. (Source: A. Guillemin, 
The Application of Physical Forces. London: Macmillan, 1877.) Complex arc 
regulators, such as Serrin’s, became obsolete when Brush arc lamps entered 
the market. Brush arc lamps and accessories in 1880: (b) an arc lamp with two 
carbon sets, (c) a package of 25 carbons, (d) a lamp with a single carbon set, (e) 
a focusing lamp for projections by magic lanterns, (f) a headlight lamp for use 
in reflectors on ships and locomotives, (g) a dial attachment for controlling how 
many lamps in series are burning, and (h) an ornamental lamp. (Source: The 
Brush Electric Light. Cleveland, Ohio: Brush Electric Company, 1881.)
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1877). An article about the history of 
arc light carbons published, in Electri-
cal World on 5 January 1891, stated 
that “the present high position of the 
American carbon industry is due to two 
men, the celebrated inventor, Charles F. 
Brush, and Washington H. Lawrence, 
one of the founders with Mr. Brush of 
the Brush Electric Company, and now 
president of the National Carbon Com-
pany, Cleveland, Ohio.” In 1877, Brush 
and Lawrence began a search for the 
best raw material for making arc car-
bons. They found it within a mile of the 
Brush factory, in the last product of the 
distillation of crude oil, which formed 
at the bottom of the stills of Standard 
Oil. This nonconducting refuse became 
a successful commercial arc carbon 
material after it was converted to a con-
ducting state.

Brush Central Stations
The concept of a central station serving 
multiple customers would have been 
familiar where distributed gas service 
was available. Indeed, Scientific Amer-
ican published the following comment 
in 1857:

From a grand reservoir of bat-
teries, the electric fluid could 
be supplied through insulated 
wires to work engines in ev-

ery part of a city, in the same 
manner that gas is furnished to 
support illumination in stores, 
houses, and workshops.
Table 1 presents the earliest docume

nted electric central stations, all erected 
in the 1878–1880 period. First, some 
comments about the non-Brush stations. 
Electric streetlights powered from cen-
tral stations made their debut in Europe, 
in 1878, in Paris and London. They 
used low-intensity arc lamps called 
Jablochkoff candles, which were invent-
ed by Russian electrical engineer Pav-
el Nikolayevich Yablochkov (Павел 

Николаевич Яблочков), who 
resided in Paris. Manufactured by 
Société Générale d’Électricité, the 
Jablochkoff candle was publicly intro-
duced in 1877. It crossed the Atlantic 
but did not thrive in the United States. 
Jablochkoff candles lacked commercial 
staying power mainly because each one 
lasted only about 2 h, and no automatic 
mechanism for changing them had been 
developed. Table 1 provides clear evi-
dence that Brush Electric was the pio-
neer of long-lasting commercial central 
station electric lighting.

Brush arc lights were initially used 
in isolated plants in 1878. More than 
600 lamps for isolated plants were 
sold in 1879 for use in manufactories, 

mills, mines, hotels, stores, parks, 
steamers, seaside resorts, and places 
of similar character throughout the 
United States and other countries. I 
am omitting the story of the improved 
lead-acid battery Brush invented for 
use as an accessory in central stations 
when demand for power was low be-
cause Brush’s batteries were not wide-
ly adopted.

April 1879: Cleveland
Cleveland was the logical target for 
getting approval from municipal au-
thorities to replace gas streetlights, for 
the first time, with arc lights. Telegraph 
Supply installed the first electric street-
lights in the United States in Cleveland 
in April 1879. A Brush No. 7 dynamo 
fed power to 12 arc lights that replaced 
105 gas lights at Monumental Park 
(now Public Square) under a contract 
with the city, giving more illumination 
at a lower cost.

September 1879: San Francisco
The Brush series arc lamp system pow-
ered by the No. 7 dynamo was used 
by the central station installed in San 
Francisco in 1879, thought to be the 
first central station for multiple cus-
tomers in the world. Canadian George 
H. Roe and partners incorporated the 

table 1. Central stations for electric lighting systems in 1880.

Year City Location of Lights Dynamos

Lamps

Type Number* Purpose

1878 Paris Streets Gramme Jablochkoff 142 Streetlights

1878 London Thames embankment Gramme Jablochkoff 20 Streetlights

1879 Cleveland Monumental Park Brush Brush arc 12 Streetlights

1879 San Francisco Private buildings Brush Brush arc 50 Multiuse

1880 Montréal Wharf Brush Brush arc 21 Wharf lights

1880 Grand Rapids, 
Michigan

Private buildings Brush Brush arc 18 Multiuse

1880 Detroit Private buildings Brush Brush arc 16 Multiuse

1880 New York City Broadway and an 
armory†

Brush Brush arc 20 Multipurpose

1880 Menlo Park, New 
Jersey

Edison’s laboratory and 
vicinity

Edison Incandescent ~500 Experimental

*Initial number.
†Initial locations.
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California Electric Light Company of 
San Francisco on 30 June 1879 and 
began offering Brush arc lighting to 
subscribers in September of that year. 
The initial station had a capacity of 
only 50 lights when a fire destroyed 
it on 24 April 1880. The company 
erected a new station at a different 
location almost imme-
diately after the fire. In 
fewer than two years, 
demand exceeded ca-
pacity, and another sta-
tion was added, which 
was enlarged in 1885. 
Yet another plant had 
to be added a few years 
later. The company had 
approximately 2,000 
arc lamps operating in 
San Francisco in 1890 
and by then had light-
ing plants in 17 other 
cities. After a series of mergers and ac-
quisitions, the systems of the California 
Electric Light became part of Pacific 
Gas and Electric, formed in 1905.

June 1880: Montréal
The Board of Harbor Commissioners 
of Montréal evaluated various systems 
of electric lighting to ascertain if any 
of them might be advantageous for illu-
minating the Montréal wharves to en-
able cargo to be conveniently handled 
at night. After comparing the estimat-
ed cost with that of other systems, the 
board asked the Brush Electric Light 
Company of New York to furnish ap-
paratus for lighting the central part of 
the harbor, on the condition “that the 
Board might purchase the apparatus or 
not as might seem fit after sufficient 
trial.” Lighting began in June 1880, 
“and after seven weeks use, the ap-
paratus was purchased, together with 
an increased number of lamps, so as 
to reach additional wharves, and the 
lighting was continued with satisfac-
tory results till the close of navigation.” 
One Brush dynamo powered a single 
4.4-km circuit of 21 lamps in series, 
any 16 or fewer of which were switched 
on as needed. The length of the district 
covered was 1.7 km.

July 1880: Grand Rapids
Grand Rapids Electric Light and Power 
was organized on 22 March 1880 with 
William T. Powers as president. He had 
prospered in the sawmill and cabinet-
making businesses. During the 1860s, 
he built the West Side Water Power 
Canal at river frontage he had pur-

chased. In July 1880, 
Grand Rapids Electric 
Light and Power be-
gan of fer ing Br ush 
arc light service to a 
few private customers, 
supplied from a Brush 
dynamo driven by a wa-
ter turbine, thought to be 
the first commercial hy-
droelectric station in the 
world (see Allerhand in 
“For Further Reading.”) 
Grand Rapids Electric 
Light and Power had 

250 arc lamps in operation in 1891, 120 
of them streetlights.

September 1880: Detroit
The Brush Electric Light Company 
of Detroit was incorporated in June 
1880 by a group of businessmen led by 
Wells W. Leggett, a son of Mortimer D. 
Leggett of Cleveland, then president of 
Brush Electric. The first Brush instal-
lation in Detroit, with 18 arc lamps, 
began serving various business es-
tablishments on 13 September 1880. 
On 20 January 1881, the Detroit Free 
Press reported that 36 Brush electric 
lights were burning in the city, includ-
ing outdoor lighting at a park “at pri-
vate expense with no cost to the city,” 
a comment possibly prompted by the 
fact that petitions to the city for electric 
street lighting had begun in September 
1880. In April 1881, Brush Electric 
Light offered to provide the city with 
electric lights for US$50,000. The 
mayor and other city officials were not 
enthusiastic and dragged their feet. The 
Brush company had not inspired con-
fidence by installing shoddy and un-
sightly poles for transmission to private 
customers and by doing so without city 
approval. Brush street lighting arrived 
in Detroit in 1884.

December 1880: New York City
Successfully replacing gas streetlights 
on Broadway with Brush arc lamps 
would provide a priceless seal of ap-
proval. The first step was to organize 
the Brush Electric Light Company of 
New York and obtain city approval. 
On 25 February 1879, a resolution was 
adopted by the Common Council, re-
questing the mayor, comptroller, and 
commissioner of public works (the Gas 
Commission) “to have experiments 
made to test the practicability of light-
ing the Central Park and the other pub-
lic parks or places, streets and avenues 
of this city with electric light, and with 
a view also of determining the rela-
tive cost of the two systems, viz.: gas 
or electric light; such experiment to 
be without expense to the city.” On 6 
November 1880, a communication was 
received from the Brush Electric Light 
Company of New York, requesting 
permission “to erect ornamental lamp-
posts, of iron, on Broadway, from Four-
teenth street to Thirty fourth street, for 
the purpose of lighting said thorough-
fare by the Brush electric light; also, 
the necessary lamp-posts or poles in 
Twenty-fifth street, from its station 
to Broadway, for the wires for said 
purpose, all the work to be done, and 
lamps, wires, etc., maintained without 
expense to the city.” The length of said 
portion of Broadway is 1 mi.

Permission was granted on 29 No-
vember 1880, provided “that all the 
work be done and the lamps, wires, 
etc., maintained by the said Brush 
Electric Light Company at its own 
expense, and the Corporation of the 
City of New York be not committed 
to any expense for such lighting, and 
also provided that such permit shall 
be revocable by the Commissioner of 
Public Works at any time.” The com-
pany constructed a central station and 
installed cast iron lampposts, each 
20 ft high, one at the intersection of 
each street crossing Broadway at an 
average distance between lamps of 
260 ft. For the first time, Brush used 
his double-arc carbon lamp, which 
would burn for 16 h without carbon 
replacement. On 20 December 1880, 

Brush Electric 
was the 
pioneer of 
long-lasting 
commercial 
central station 
electric lighting.
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the section of Broadway between 
14th Street and 26th Street was light-
ed by 15 double-arc lamps (Figure 7), 
powered by a five-dynamo plant, the 
largest yet.

The installation was extended to 
34th Street in January 1881, with 22 
lamps in operation, without cost to 
the city for five months. Then, the 
city decided that “the light having 
proved satisfactory, and an advanta-

geous offer being made by the Com-
pany for lighting certain streets and 
public places, the officers designated 
in the charter to make contracts for 
lighting public streets made a contract 
with this Company to furnish electric 
lights for eleven months, commenc-
ing June 1, 1881,” at a cost estimated 
to be slightly lower than that of the 
displaced gas lamps. The contract 
included Broadway and Fifth Avenue 

between 14th Street and 34th Street, 
14th Street between Fourth Avenue 
and Fifth Avenue, 34th Street between 
Fifth Avenue and Broadway, Union 
Square, and Madison Square. There 
were 55 Brush arc lamps illuminating 
streets and other public areas in New 
York City by the end of 1881.

A report by the Department of 
Public Works, dated 31 December 
1881, stated that “the electric lamps 
now in use have been kept lighted 
with great regularity and have shown 
remarkable steadiness or freedom 
from wavering or blinking.” The re-
port also mentioned that there were 
23,466 gas lamps in use in streets 
and other public areas, without com-
menting about them. The success of 
the New York system gave Brush arc 
lighting a competitive advantage. In 
the period of 1881–1885, Brush Elec-
tric annually doubled its production 
of arc lamps until, in 1885, the com-
pany was producing 16 times as many 
arc lights as it had in 1881. There 
were arc lighting systems of 15 man-
ufacturers in use in New York City in 
1891, but there were more installed 
Brush arc lamps than any other brand 
(Figure 8). However, Brush Electric 
had ceased to exist as an independent 
corporation two years earlier.

Competition
The Brush arc lighting system had very 
little competition in the United States 
when it was introduced commercially 
in 1878. In 1881, there were roughly 
5,000 Brush arc lights burning in the 
United States, representing 75–80% of 
the total. In London in 1881, the rival 
arc lighting systems of Anglo–Ameri-
can Brush and Siemens Brothers (Lon-
don) were put on a year’s trial in the 
streets of two separate districts. At the 
end of the period, the Streets Commit-
tee decided to continue lighting the two 
districts for another year. The Brush 
company agreed to light its district for 
£800. The Siemens offer to light its dis-
trict for £3,600 was declined.

In 1885, there were approximately 
96,000 arc lights in use in the United 
States, with Brush lamps constituting 

figure 7. Brush streetlights on Broadway, in New York City, at the start of 1881. 
(Source: É. Alglave and J. Boulard, La Lumière Électrique. Paris, France: Librairie 
de Firmin-Didot et Cie, 1882, p. 95.)
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the largest share. In 1888, there were 
21 manufacturers offering systems of 
electric lighting in the United States. 
Such a crowded field 
offered ample opportu-
nities for the strong to 
swallow the weak. By 
then, Brush Electric was 
vulnerable. It suffered 
from several weakness-
es. First, there was no 
research and develop-
ment team. Innovation 
stopped when Brush 
stopped inventing. Sec-
ond, Brush’s patents did 
not prevent competitors 
from marketing inferior 
and superior arc light-
ing systems after Brush Electric led 
the way. Third, Stockly perceived the 
potential threat of competition as early 
as 1882, when there was no serious op-
position, but omitted due diligence in 
trying to address it.

A potential rival was American 
Electric, with the main asset of Elihu 
Thomson, an inventor of his own arc 
lighting system. Thomson participated 
in the Franklin Institute dynamo tests 
in 1877–1878 and saw the commercial 
possibilities of arc lighting. Although 
he had not yet perfected his system in 
1882, Thomson had great potential. 
Stockly bought a controlling inter-
est in American Electric, thinking 
the deal included Thomson, but Thom-
son had already decided to leave with 
his patents because of the company’s 
marketing shortcomings. Thomson’s 
contract with American Electric stipu-
lated he could terminate the agree-
ment and have the patents revert to 
the patentees (himself and Edwin J. 
Houston) if the company did not handle 
the arc lighting business with “reason-
able diligence.” Stockly had purchased 
nothing more than machinery and fac-
tory space.

Stockly sold his holdings in Ameri-
can Electric to a group of Massachu-
setts entrepreneurs who, together with 
Thomson, reconstituted the company as 
Thomson–Houston in 1883. After that, 
Brush Electric used patent infringe-

ment litigation to attack competition. 
By 1884, the company was involved 
in suits against users of arc lighting 

systems of five manu-
facturers and against us-
ers of arc carbons of two 
manufacturers. Brush 
Electric, having enjoyed 
spectacular growth, was 
absorbed by Thomson–
Houston in 1889.

Thomson–Houston 
was incorporated in 
C o n n e c t i c u t  o n  17 
April 1883 but estab-
lished headquarters in 
Lynn, Massachusetts. 
I n  1886 ,  T hom son –
Houston was capitalized 

at a meager US$125,000, compared to 
US$3 million for Brush Electric. But 
with two key individuals on board, 
marketing expert Charles A. Coffin as 
vice president and Thomson as “electri-
cian,” the company enjoyed impressive 
growth. Thomson–Houston was, by 
far, the dominant supplier of central 
station machinery in the United States 
in 1891, with more than 600 central 

stations (Figure 9). Only 199 central 
stations were equipped with Brush ma-
chinery at the time. Thomson–Houston 
merged with Edison General Electric 
in 1892 to form General Electric, with 
Coffin as president. Thomson’s main 
contribution at General Electric was 
in the development of commercial 
X-ray equipment, soon after Wilhelm 
Konrad Röntgen announced his dis-
covery of X-rays in 1895. Thomson is 
thought to be the first to demonstrate 
that X-rays can be harmful. In 1895, 
General Electric closed the Brush fac-
tory in Cleveland and moved the facil-
ity’s contents to Lynn, the location of 
the Thomson–Houston plant.

Brush After 1889
After Thomson–Houston took con-
trol of Brush Electric in 1889, Brush 
moved on to various activities. He de-
signed and built on his property what 
is thought to be the first wind-pow-
ered electric generator in the United 
States, but not in the world ( Fig-
ure 10). Outside of electricity, Brush’s  
contributions as a scientist did not 
stand the test of time. Beginning in 
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figure 9. The number of central stations using equipment of major manufactur-
ers in the United States in 1891.

Outside of 
electricity, 
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as a scientist 
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the 1890s and for much of the rest of 
his life, Bush was preoccupied with 
the “ether of space” and gravitation. 
In 1898, he published experiments 
that purported to show the existence 
of a new gas “with enormous heat 
conductivity at low pressures.” He 
called this new gas etheron because 
he inferred that it “fills all celestial 
space.” In 1911 and then again in 1921 
and 1922, he published papers about 
a “kinetic theory of gravitation.” He 
believed that “the kinetic energy of 
the ether is the fundamental cause 
of gravitation.”

As a businessman, Brush success-
fully and profitably shepherded the in-
troduction of German air liquefaction 
manufacturing into the United States. 
German scientist and industrialist Carl 
von Linde had invented a process for 
industrial-scale refrigeration, and in 
1879 he and his partners founded Ge-
sellschaft für Linde’s Eismaschinen, a 
maker of refrigeration machinery. He 
then invented a process for industrial-
scale air liquefaction and entered that 
business, too. Air liquefaction led to the 
large-scale manufacture of high-purity 
oxygen for oxy-acetylene welding and 
other uses. Linde decided to establish 
an American subsidiary. He filed a pat-
ent application in the United States, in 
1895, for a “process of producing low 
temperatures, the liquefaction of gases, 
and the separation of the constituents 
of a gaseous mixture,” but his efforts 

to acquire an American patent stalled 
because of a pending application for air 
liquefaction by Charles E. Tripler.

Brush offered to help in exchange 
for a share in Linde’s American ven-
ture. Brush filed a second patent on 
Linde’s behalf in 1900 for the appara-
tus to carry out Linde’s process, and 
he succeeded in having the conflicting 
application rejected in 1902. Linde’s 
two patent applications were approved 
in 1903, both one-third assigned to 
Brush (patents 727,650 and 728,173). 
Negotiations between Linde and Brush 
followed. Linde Air Products was born 
in 1907. It was absorbed by newly in-
corporated Union Carbide & Carbon in 
1917, which changed its name to Union 
Carbide in 1957.

As a philanthropist, in 1928, Brush 
created a foundation for “furtherance 
of research in the field of eugenics and 
in the regulation of the increase of pop-
ulation,” in honor of his son Charles 
Francis Brush Jr., with an initial be-
quest of US$500,000. The Brush Foun-
dation’s first grant of US$5,000 was 
awarded in 1929 to establish a birth 
control clinic in Cleveland. With the 
discrediting of the eugenics movement 
after Nazi Germany used it to justify 
genocide, the foundation’s focus since 
World War II has been to advance re-
productive health and rights through 
targeted philanthropy.

In 1927, Brush lost his son and a 
granddaughter. Charles Jr. gave a blood 

transfusion to a very ill daughter. She 
did not survive. Charles Jr. died on 
29 May 1927 at age 33, from compli-
cations caused by the transfusion. He 
had studied chemistry and physics at 
Harvard University and with a partner 
founded Brush Laboratories with his 
father’s help in 1921. There, he studied 
the properties of the very light metal 
beryllium for the purpose of develop-
ing industrial uses for it. In 1931, Brush 
Laboratories developed a method for 
extracting beryllium metal from ore, 
prompting a name change to Brush 
Beryllium. Additional name changes 
followed through the years. It is now 
Materion of Mayfield Heights, Ohio, a 
suburb of Cleveland. Materion manu-
factures advanced-performance alloys 
and composite materials. Charles F. 
Brush died on 15 June 1929 in Cleve-
land at age 80.
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figure 10. Brush’s mansion and a windmill-driven electric power generator on 
his property in 1890. (Source: “Charles Francis Brush,” Harper’s Weekly, vol. 34, 
pp. 583–584, 1890.)
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THIS ISSUE’S “BOOK REVIEW” 
column discusses Electric Power 
Principles: Sources, Conversion, Distri-
bution and Use, second edition, written 
by James L. Kirtley. The reviewer writes, 
“As a power engineering teacher and re-
searcher, I recommend this book as one of 
the best electric power systems books.”

Electric Power Principle: 
Sources, Conversion, 
Distribution and Use
By James L. Kirtley
Electric Power Principle: Sources, 
Conversion, Distribution and Use, the 
2020 edition published by Wiley, is 
aimed at educating engineers and re-
searchers in designing, developing, and 
operating new types of electric power 
systems. The initial use of this text was 
two courses at the Massachusetts Insti-
tute of Technology (MIT): 6.061 Intro-
duction to Electric Power Systems and 
6.685 Electric Machines. This text has 
been used and revised for more than 
three decades. It has educated numer-
ous MIT undergraduate and graduate 
students, including myself as a post-
doctoral fellow when I was at MIT.

Kirtley is an engineer, researcher, 
and educator in the field of electri-
cal engineering, with an emphasis 
on power systems and electric ma-
chinery. He has close to 50 years of 
experience working in these areas 
while at MIT, nurturing students over 

several decades. He worked for Gen-
eral Electric as an electrical engineer 
in the large steam tur-
bine generator depart-
ment. He joined Satcon 
Technology Corp. as 
the vice president and 
general manager of the 
tech center and a chief 
scientist. Based on his 
contributions, he was 
elected to the U.S. Na-
tional Academy of En-
gineering, and he is a 
Fellow of IEEE.

This book has 16 
chapters. The first cov-
ers modern electric power systems’ 
basic structures. Chapter 2 covers elec-

trical engineering fundamentals, while 
Chapter 3 expands on core theories 
and transmission lines. Chapter 4 ex-
amines common polyphase systems, 
and Chapter 5 covers electric circuit 
theory with mathematic derivations. 
Chapter 6 focuses on transformers for 
both single- and three-phase struc-
tures, while Chapter 7 examines poly-
phase transmission and distribution 
lines and introduces the per-unit sys-
tem. Chapter 8 investigates the funda-
mentals of electromagnetic forces and 
loss mechanisms based on the energy-
conversion process. Chapter 9 dives 
into synchronous machines, ranging 
from basic modeling to application 
examples. Chapter 10 is about sys-
tem analysis and protection, such as 
fault handling, and Chapter 11 pres-
ents load flow in power systems with 
Gauss–Seidel and Newtown–Raphson 

iterative techniques. 
Chapter 12 presents 
t he  most  com mon 
power electronic cir-
cuits.  Chapter 13, a  
new chapter in this 
edition, reveals en-
ergy storage, including 
battery modeling and 
its associated power 
electronics. Chapter 
14 elaborates on classi-
cal induction machine 
developments ,  a nd 
Chapter 15 examines 

dc machines. The final chapter exam-
ines permanent magnet materials.
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The author’s academic and industry 
experiences are clearly evident. All of 
the key concepts are discussed from 
fundamental physics, with progress 
step by step. Real-world examples are 
given to visualize the discussed items. 
Each chapter’s problem set strengthens 
the presented concepts.

A comprehensive companion web-
site is hosted by Wiley at www.wiley
.com/go/Kirtley/electricpowerprinciples. 
The site supports both instructors and 
students. Exercises for each chapter 
are available along with code to im-
plement complicated concepts and 
generate figures and references for 
further reading.

The author asserts that this book 
is suitable for third-year undergradu-

ate electrical engineering students. 
The material requires a solid back-
ground in electr ical engineering, 
multivariable calculus, basic differ-
ential equations, electric circuit the-
ory, and Maxwell’s equations. As 
a power engineering teacher and 
researcher, I recommend this book as 
one of the best electric power systems 
books available. 

Editor’s note: The author of this 
review is a postdoctoral fellow at the 
Massachusetts Institute of Technol-
ogy, under the supervision from Prof. 
James Kirtley.

 —Christopher H .T . Lee
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THE IEEE POWER & ENERGY 
Society’s (PES’s) website (http://www 
.ieee-pes.org) features a meetings sec-
tion, which includes calls for papers 
and additional information about each 
of the PES-sponsored meetings. Please 
check the conference website for the 
most current information and any ven-
ue changes due to the pandemic.

January 2021
IEEE PES 2021 Joint Technical 
Committee Meeting (JTCM 2021), 10–
15 January, virtual event, United States, 
contact Solveig Ward, sward@quanta 
-technology.com, www.pestechnical 
.org

February 2021
IEEE PES Innovative Smart Grid 
Technologies (ISGT 2020), 15–18 Feb-
ruary, virtual event, contact Kathy Hei-
lman, kathy.heilman@ieee.org, https://
ieee-isgt.org/

May 2021
IEEE International Conference 
on Electrical Machines and Drives 
(IEMDC 2021), 16–19 May, Hartford, 
Connecticut, United States, contact Ali 
Bazzi, alibassi@ieee.org, http://iemdc 
-conference.org/

June 2021
IEEE PowerTech Madrid (PowerTech 
2021), 28 June–2 July, Madrid, Spain, 
contact Tomas Gomez San-Roman,  
tomas.gomez@comillas.edu, https://www 
.powertech2021.com/ 

July 2021
IEEE PES General Meeting (GM 
2021), 18–22 July, Washington, D.C., 
United States, contact Roseanne Jones, 
roseanne.jones@ieee.org

September 2021
IEEE PES GT&D International 
Conference and Exposition, Istan-
bul (GTD), 14–17 September, Istanbul, 
Turkey, contact Omer Usta, usta@ieee 
.org, https://ieee-gtd.org/

November 2021
IEEE PES Asia-Pacific Power and 
Energy Engineering Conference 
(APPEEC 2021), 21–23 November, 
Thiruvananthapuram, India, contact 
Boby Philip, boby.philip@ieee.org 

December 2021
IEEE PES Innovative Smart Grid 
Technologies Asia (ISGT Asia 2021), 
5–8 December, Brisbane, Austral i a , 
contact Tapan Saha, saha@itee.uq 
.edu.au

For more information on additional tech-
nical committee meetings, webinars, 
and events, please visit our IEEE PES 
calendar: https://www.ieee-pes.org/
meetings-and-conferences/conference 
-calendar.
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of negative prices might become less fre-
quent. In fact, as indicated in the previ-
ous section, more flexible demand from 
energy storage and power-to-gas facili-
ties will find it particularly convenient 
to absorb excess generation when prices 
reach very low levels. Thus, flexible de-
mand might prevent prices from falling 
into negative territory. The same applies 
to electric vehicle charging.

Even without negative prices and 
with a less binomial price distribution, it 
is likely that the overall level of revenues 
accruing to (backup) conventional gener-
ation might be insufficient to cover fixed 
costs. In the medium term, this could 
lead to a reduction in conventional ca-
pacity (in the short term, fixed costs are 
mostly sunk), negatively affecting sys-
tem adequacy. The exact policy implica-
tions of this possible trend have been the 
source of much debate over the years.

One viewpoint in this debate is that 
energy-only markets will continue to 
provide sufficient price signals and rev-
enues to promote investments in genera-
tion capacity. There is a lot of merit in 
this position, and, in fact, this is the set-
up in most other markets (for commodi-
ties and services), even though the spec-
ificities of electricity system operation, 
with its need for instantaneous balance 
and its still-limited storage possibilities, 
might exacerbate its implications in the 
electricity sector. Capacity shortages 
will be signaled by frequent electricity 
price spikes, possibly to the VOLL. This 
will, in the short run, promote demand 
response and other forms of demand 
flexibility; at prices equal to the VOLL, 
consumers should be, by definition, in-
different toward consuming or not con-
suming. In the longer run, more frequent 
high prices would attract needed addi-
tional capacity in the market. The Eu-
ropean Commission has leaned toward 
this view of the electricity market. How-
ever, as just indicated, this view implies 
that prices occasionally, and possibly 
more often than that, reach the VOLL 
(in the order of several thousands of eu-
ros per megawatt hour, or several euros 
per kilowatt hour). In principle, there is 

nothing wrong with this, except that this 
sort of price dynamic might be socially 
and politically unacceptable.

Capacity Remuneration 
Mechanisms
As a result, even the European Commis-
sion recognizes the need, in some specific 
circumstances and mostly as a transitory 
measure, for the deployment of capacity 
remuneration mechanisms (CRMs). The 
recast of the Electricity Regulation [Reg-
ulation (EU) 2019/943], as part of the 
Clean Energy for All Europeans package, 
has set strict rules in this regard. In par-
ticular, CRMs can be introduced only to 
address residual adequacy concerns that 
cannot be dealt with by measures that 
member states have to introduce to elimi-
nate any regulatory distortions. Among 
the different CRMs available, legislation 
favors the use of strategic reserve.

There is an expectation that residual 
adequacy concerns will be temporary. 
Therefore, a good feature of CRMs is 
that of self-regulation, in the sense of 
being able to provide the necessary ad-
ditional stimulus when adequacy con-
cerns emerge but automatically “retreat” 
when these concerns recede. Among the 
CRMs proposed or being implemented, 
the one based on reliability options, 
among others, appears to have such 
characteristics. Reliability options, used 
as a way of addressing long-term re-
source adequacy, were first proposed by 
Pérez-Arriaga in 1999. As the name reli-
ability options suggests, they are option 
contracts that require generators and 
other adequacy providers, in exchange 
for a fixed fee, to pay the holder of the 
contract, in any market time unit, any 
positive difference between the equilib-
rium market price (p) and a predefined 
strike price (s). In so doing, these con-
tracts aim to incentivize generators and 
other adequacy providers to be available 
when the market price is high (above 
the strike price), signaling the tighten-
ing of the demand-supply relationship, 
because in this way, they will be able to 
honor payment under the contract with 
the higher revenues from the market.

The main advantage of the reliability 
option mechanism vis-à-vis other pos-
sible CRMs is twofold. On the one hand, 
it does not require the predefinition of 
scarcity periods (when the contracted 
resources are expected to be available), 
as it uses the occurrence of high mar-
ket prices—above the strike price—for 
this purpose. On the other hand, the 
reliability option mechanism is, admit-
tedly, more market oriented because if 
the strike price is set at an appropriately 
high level (as discussed later in this arti-
cle), it activates only when the system is 
close to rationing and does not affect the 
spot market under normal or even tight 
conditions. In this sense, reliability op-
tions can coexist well with commercial 
long-term financial contracts (e.g., fu-
tures or contracts for difference), which 
provide hedges against price volatility 
for both consumers and generators.

Among EU member states, Ireland 
and Italy have decided to implement re-
liability option-based schemes. Outside 
the EU, reliability options have been im-
plemented in Colombia and by ISO New 
England, a regional system operator in 
the United States. However, in the Irish 
and Italian implementations, the dis-
tinction between reliability options and 
price risk-hedging instruments has been 
somewhat lost due to the fact that the 
strike price is closely linked to the costs 
or the expected offer levels of a peaking 
generating unit (capped at €500/MWh 
in the Irish implementation).

Setting the strike price in this way 
might risk replacing market dynamics with 
an administratively set, two-part wholesale 
price, which was typical of the regulated 
generation sector of the 1990s. The reason 
usually provided for this approach is to 
control the potential abuse of market pow-
er, which, in a competitive market, is bet-
ter controlled through competition policy 
rather than ex-ante regulation.

Over time, other resources, such as 
demand response and storage, have en-
tered and will continue to enter the mar-
ket, which might be promoted by prices 
higher than the costs of peaking units. The 
relatively low strike prices of reliability 

in my view (continued from p. 100)
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options can act as de facto price caps that 
may discourage the participation of such 
new resources. While reliability options 
typically operate only in the day-ahead 
market (although in Ireland, the market 
reference price is a weighted average of 
the day-ahead, within-day, and balanc-
ing markets prices) and demand response 
and storage as well as other decentralized 
resources can also operate in the intra-
day and ancillary services markets, there 
does not seem to be any good reason to 
effectively exclude such decentralized re-
sources from the day-ahead market. 

In my view, the strike price of reli-
ability options, because of their purpose 
to ensure adequacy and not to regulate 
the wholesale price, should be set at a 
level that represents the conceptual dis-
criminant between market functioning, 
including under tight conditions, and the 
situation in which nothing could prevent 
prices to increase up to the VOLL. In 
their 2002 seminal work on reliability 
options, Vázquez et al. suggested that 
the strike price could be considered “as 
a frontier between the normal energy 
prices (p < s) and the near-rationing or 
emergency prices (p > s).” At that time, 
a markup of 25% above the variable cost 
of the most expensive generator expect-
ed to produce was considered sufficient. 
Today, with additional resources avail-
able to ensure adequacy, such a reference 
to generation capacity appears outdated, 
but the general consideration of the strike 
price as the frontier to near-rationing 
levels remains valid. This frontier level 
for the strike price is clearly not the cost 
of a peaking unit in the market because 
some other resources, such as demand 
response, storage, and other decentral-
ized resources, would be attracted to the 
market only by much higher prices.

Such higher prices have occurred in 
the EU electricity market in recent years 
without creating any particular disrup-
tion. According to the ACER/CEER 
2019 Market Monitoring Report, hourly 
day-ahead prices higher than three times 
the (theoretical) variable cost of a gas-
fired power plant have occurred close 
to 3,500 times from 2015 to 2018, with 
nearly 1,500 occurrences in 2016 alone. 
In fact, in 2017, when defining the har-

monized maximum clearing price for 
the day-ahead market coupling, ACER 
set an initial value of €3,000/MWh, with 
the possibility of an automatic upward 
dynamic adjustment if the clearing price 
in the market exceeded 60% of the ap-
plicable maximum value. ACER’s deci-
sion shows that even prices in the thou-
sands of euros per megawatt hour, and 
not just those in the hundreds of euros, 
can be expected and should not be con-
sidered as anomalous—to the extent that 
they lead to an upward revision of the 
maximum clearing price.

Let me conclude with one final obser-
vation regarding the design of reliability 
option mechanisms, which is often over-
looked. Reliability option schemes clear-
ly provide a more stable revenue stream 
for contracted reliability resources. How-
ever, unless they include a penalty for 
nondelivery when the option is called, 
they may be seen as not providing addi-
tional incentives for adequacy providers 
to be available during times of scarcity.

This is clear if we consider, as an 
example, the difference in the payouts 
(including variable costs, as fixed costs 
do not depend on production levels) for 
generators between producing and not 
producing at times when the market 
price exceeds the strike price, both with 
and without a reliability option. Without 
a reliability option contract, the incentive 
for a generator to produce when prices are 
high would be the (gross) margin that it 
could obtain from selling its electricity in 
the market, i.e., the difference between the 
price it receives and its variable costs. If 
the generator has entered into a reliability 
option contract, it would receive the con-
tract fee irrespective of the price level in 
the market and whether it produces or not. 
Moreover, if prices rise above the strike 
price, it would have to make the contract 
payment of the difference between the 
market price and the strike price, again, 
irrespective of whether it produces or 
not. Therefore, the incentive to produce 
would be the margin that it can obtain 
from producing and selling its electricity 
in the market, i.e., the difference between 
the price it receives from the market and 
its variable costs, the same as in the case 
without the reliability option contract.

Only when a nondelivery penalty—
imposed on the contracted generator 
that fails to produce at high prices—is 
included in the reliability option scheme 
does the incentive to produce when 
prices are higher than the strike price 
become greater than without such an op-
tion. The Irish implementation does not 
envisage nondelivery penalties while 
the Italian one has two sets of penal-
ties. Note that the inclusion of a penalty 
neither presupposes nor is equivalent to 
physical prequalification, as required 
by some schemes. The penalty is still a 
financial charge, increasing the incen-
tive to produce when the market price is 
higher than the strike price, but the writ-
er of the option still needs to secure the 
necessary physical generation capacity 
during times of high prices.

Concluding Remarks
As more countries are tempted to in-
troduce CRMs to address residual ad-
equacy concerns raised by the greater 
penetration of renewable-based genera-
tion, prompting them to consider reli-
ability option schemes as the preferred 
approach due to their market-oriented 
characteristics, these schemes must be 
appropriately designed. In particular, the 
strike price should not interfere with the 
functioning of the energy market under 
normal or even tight conditions and pen-
alties should be envisaged that reinforce 
incentives for adequacy resources to be 
available during times of scarcity. 
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THE EUROPEAN GREEN DEAL, 
setting the decarbonization strategy of 
the European Union (EU) for the period 
to 2050, envisages a 50−55% reduction 
in greenhouse gas emissions with respect 
to 1990 levels by 2030 and carbon neu-
trality by 2050. This ambitious pathway 
requires a much greater penetration of 
renewables in the energy system. The 
current 32% renewable penetration target 
for final energy consumption set for 2030 
only two years ago is, therefore, likely to 
be increased to 38−40%. The electricity 
sector typically contributes more than 
proportionately to the achievement of 
the overall target. This means that we 
can expect renewable-based generation 
to represent approximately two-thirds of 
final electricity consumption by 2030, up 
from roughly 30% in 2019.

A large share of the increased renew-
able-based generation capacity would 
be wind and solar. These technologies 
are characterized by zero or near-zero 
marginal costs, but when compared to 
conventional generation, they are also 
more variable and less dependable in 
providing electricity with a profile that 
follows the pattern of demand. There-
fore, the security of supply requires the 
availability of backup dispatchable ca-
pacity to follow and serve the residual 
load—the difference between demand- 
and renewable-based generation. 

The merit-order effect of the greater 
penetration of renewable-based genera-
tion implies that this flexible backup ca-

pacity, which, in the shorter term, will be 
mostly provided by conventional (gas-
fired) plants, will be called to produce 
for a decreasing and highly variable 
number of hours and thus require higher 
revenues when it generates.

Therefore, a simplistic assessment 
of the implications of this change in the 
generation mix and cost structure on 
the electricity price profile suggests a 
larger number of hours when the elec-
tricity price in the market will be set by 
renewable-based generation at zero or 
very low levels and a few hours in which 
prices might reach very high levels. This 
could possibly be up to the value of lost 
load (VOLL) when available generation 
capacity is unable to meet demand, to al-
low nonrenewable-based generation ca-
pacity to recover its fixed costs. 

However, a more elaborate assessment 
could recognize that the distribution of 
prices might not necessarily be as binomial 
as it might appear at first, especially con-
sidering technological development and 
the emergence of new technologies and 
facilities in the market. For example, more 
variable prices may enable energy storage 
facilities to take advantage of arbitrage op-
portunities by charging when prices are 
low and discharging at higher prices. The 
future will also see power-to-gas tech-
nologies develop, which will allow for the 
storage of energy in molecular form over 
longer periods of time. The further devel-
opment of demand-side response and other 
decentralized resources may also contrib-
ute to curbing price spikes. Therefore, low 
prices might not always be that low, and 
high prices might not always be that high.

Negative Market Prices 
and Renewable Support 
Schemes
In this context, specific attention should 
be paid to negative market prices. Ac-
cording to the 2019 Market Monitoring 
Report of the European Union Agency 
for the Cooperation of Energy Regula-
tors (ACER) and the Council of European 
Energy Regulators (CEER), there were 
more than 500 occurrences of negative 
hourly prices in the EU day-ahead market 
in both 2017 and 2018. Different circum-
stances can lead to negative prices occur-
ring. In the past, these occurrences were 
fairly rare and mostly caused by the lim-
ited flexibility, in technical and economic 
terms, of some conventional generators. It 
was cheaper to produce at negative prices 
than to switch generating units off for one 
or a few hours. More recently, negative 
prices have also been the result of ill-de-
signed renewable support schemes. Some 
of these schemes have been providing 
supplemental revenues—through feed-in 
premiums—to renewable-based genera-
tion plants, even during times of negative 
prices. This means that such plants are in-
centivized to generate even when there is 
excess production in the system, at least as 
long as the supplemental revenue compo-
nent compensates for the negative price.

Therefore, it seems urgent that the 
design of feed-in premiums and simi-
lar schemes excludes support when the 
market signals excess supply through 
negative prices. This is a no-regret move, 
even though, in the future, the occurrence 
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