
Macro-Energy Systems: Toward a New Discipline

Downloaded from: https://research.chalmers.se, 2024-11-19 07:16 UTC

Citation for the original published paper (version of record):
Davidsson Kurland, S. (2019). Macro-Energy Systems: Toward a New Discipline. Joule, 3(October
16): 1-5. http://dx.doi.org/10.1016/j.joule.2019.07.017

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



COMMENTARY
Macro-Energy
Systems: Toward
a New Discipline
Patricia J. Levi,1,*
Simon Davidsson Kurland,2,3

Michael Carbajales-Dale,4,*
John P. Weyant,1

Adam R. Brandt,5

and Sally M. Benson5,6,*
Patricia J. Levi is a doctoral candidate in

the Management Science and Engi-

neering department at Stanford Uni-

versity. Her research uses tools from

economics and operations research to

improve regulations and policy that

reduce environmental impacts in the

electricity sector. She earned a SM in

Technology & Policy (2016) at the Mas-

sachusetts Institute of Technology,

where she was also a researcher at the

MIT Energy Initiative.

Simon Davidsson Kurland is a postdoc-

toral researcher at Chalmers University

of Technology, where he explores the po-

tential for decarbonizing energy and

transport systems and their associated

energy and material flows. He was previ-

ously a postdoctoral scholar at Stanford

University, focusing on net energy anal-

ysis of photovoltaics and battery systems.

He has an MSc in Energy Systems Engi-

neering and a PhD in Natural Resources

and Sustainable Development from

Uppsala University, Sweden.

Michael Carbajales-Dale heads the En-

ergy-Economy-Environment (E3) Sys-

tems Analysis group. He joined Clem-

son University in August 2014 as an

Assistant Professor in the Environ-

mental Engineering & Earth Sciences

department. Before joining Clemson,

Mik was an Energy Systems Analyst

with Stanford’s Environmental Assess-

ment & Optimization Lab and with

the Global Climate & Energy Project

(GCEP). His research focuses on the
2282 Joule 3, 2282–2293, October 16, 2019 ª2019
long-term, large-scale evolution and

dynamics of the energy-economy sys-

tem, especially how development of

energy resources affects social devel-

opment and the effects of a future tran-

sition from fossil fuels to renewable

energy technologies.

John P. Weyant is Professor of Manage-

ment Science and Engineering, Director

of the Energy Modeling Forum (EMF), a

Senior Fellow at the Precourt Institute

for Energy, and an affiliated faculty mem-

ber in the School of Earth Sciences at

Stanford University. His current research

focuses on developing improved

methods for diagnostics and uncertainty

characterization in energy and environ-

mental modeling, energy technology

assessment, and strategic planning

methods. He serves on many scientific

advisory boards and has been awarded

lifetime achievement awards by the US

Institute for Energy Economics, the Inter-

national Association for Energy Eco-

nomics, and the Integrated Assessment

Modeling Consortium.

Dr. Adam R. Brandt is an Associate

Professor in the Department of Energy

Resources Engineering at Stanford

University. His research focuses on

reducing the greenhouse gas impacts

of energy production and consump-

tion. Primary research interests include

life cycle assessment of petroleum pro-

duction and natural gas extraction, with

a particular interest in unconventional

fossil fuel resources such as oil sands,

oil shale, and hydraulically fractured

oil and gas resources. He also re-

searches computational optimization

of low-emissions technologies, such as

carbon dioxide capture, solar thermal,

and solar photovoltaic output predic-

tion. Dr. Brandt received his PhD from

the Energy and Resources Group, UC

Berkeley.

Sally M. Benson is a professor of energy

resources engineering in the School of
Elsevier Inc.
Earth, Energy & Environmental Sci-

ences, co-director of the Precourt Insti-

tute for Energy, and Director of the

Global Climate and Energy Project at

Stanford University. Formerly, Benson

was at Lawrence Berkeley National Lab-

oratory, where she held a variety of key

positions, including Deputy Director,

Associate Director for Energy Sciences,

and Director of the Earth Sciences Divi-

sion. Benson is regarded as an author-

ity on carbon capture and storage.

She also uses energy systems analysis

to help guide decisions about the

most promising pathways for clean en-

ergy development.

Macro-Energy Systems: A Discipline

for Energy Transitions

Humanity is faced with the need for two

massive, interrelated energy transi-

tions, and there is considerable uncer-

tainty about the best way to undertake

them. A transition to low- and no-car-

bon energy technologies underpins all

realistic climate solutions.1 Simulta-

neously, the reach of modern energy

services must grow substantially to

reach more than a billion people who

currently do not have access.2 Solving

these intertwined challenges will

require changes of an unprecedented

scale occurring over multiple decades,

and a substantial number of researchers

are working to understand and advise

these transitions. We believe that

these efforts could be aided by culti-

vating a community of scholars—a

new discipline—that focuses on the

large-scale, systems-level, long-term

aspects of sustainable energy planning.

We call this discipline ‘‘macro-energy

systems.’’

Macro-energy systems can be distin-

guishedby commonquestions andmeth-

odologies that are honed to grapple with

very large-scale energy systems. The

common element of large scale drives

key methodological choices arising from
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Figure 1. Three Dimensions of Scale in the Human Energy System

Phenomena of interest to macro-energy systems are listed in bold.
the difficulty of modeling these massive

systems, and of conducting controlled

experiments on them.

The aim of macro-energy systems is to

understand the dynamics, benefits,

costs, and impacts of large-scale en-

ergy systems and energy system transi-

tions. It focuses on phenomena that are

large when measured by time span,

spatial scale, energy flow, or any com-

bination of the above. Co-analysis of

economic, engineering, environmental,

and social factors is often critical for

answering societal-scale questions. As

a result, this discipline combines

methods from many fields spanning

the natural, social, and engineering

sciences.
The study of large-scale human energy

systems is not new; researchers have

expended decades of dispersed intel-

lectual effort, and climate change has

driven an explosion of interest in the

subject in recent years. Advances in

computation have enabled increasingly

sophisticated methodologies. The

result is a growing area of study with

an increasingly rich set of tools and

questions. These efforts would greatly

benefit from being united under a

common umbrella.
What Defines Macro-Energy

Systems?

Scale and Complexity

As fields of inquiry mature, they have

historically split into sub-disciplines to
maintain a coherent research commu-

nity. Often this differentiation is based

on scale. Biology has split many times

over centuries into multiple scale-differ-

entiated disciplines including molecu-

lar biology, cell biology, organismal

biology, and ecology. Even though all

of these communities are biologists,

they pose distinct questions and

require different research methods,

making them distinct areas of research.

Economics has bifurcated into micro-

economics and macroeconomics,

formalizing a long-standing divergence

in questions and methods. Sub-disci-

plines divided by scale have emerged

naturally multiple times because they

provide common ground for re-

searchers who are interested in similar

phenomena and create a sense of

coherence in a complex scientific field.

We believe that research on sustainable

energy systems is ripe for a scale-based

differentiation. There is a great volume

of active research on energy systems

over a wide range of scales and topics

(see Figure 1). At the molecular and de-

vice level, basic science and engineer-

ing is used to design novel materials

and energy technologies like improved

batteries and solar cells. Machine- and

facility-scale engineering joins many

such components and devices to create

automobiles, airplanes, solar panels,

and even power plants.

The new discipline of macro-energy sys-

tems considers even larger and more

complex systems. It addresses questions

concerning topics like the structure of po-

tential low-carbon energy systems;3,4

market and policy solutions for reducing

greenhouse gas emissions and their eco-

nomic, environmental, and distributional

impacts;5 the environmental and eco-

nomic impacts of different approaches

to forecasting energy demand and

improving energy access;6,7 the eco-

nomic and environmental value of new

technologies;8 dynamics of the develop-

ment and adoption of new technologies;9

environmental impacts of current and
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future energy technology;10 and valida-

tion and improvement of the modeling

paradigms used to address these

questions.11,12

Figure 1 illustrates the scales that

macro-energy systems is concerned

with. Only one of the dimensions of

spatial extent, energy flow, and time

must be large to introduce the type of

complexity that characterizes macro-

energy systems.

Methodologies to Cope with
Complexity

The sheer complexity and high dimen-

sionality of the phenomena studied by

macro-energy systems demands special-

ized research methods. Simulation,

abstraction, and modeling are required

approaches in macro-energy systems

work. It is difficult to conduct macro-en-

ergy systems experiments (though not

impossible) and simulating or optimizing

the system in full is likely to be computa-

tionally intractable. Even if it were techni-

cally tractable to model every detail, a

simpler model is often preferable for

providing intuition about a system.

Indeed, much of the challenge of

macro-energy systems research is to

identify which phenomena are worth rep-

resenting in detail and which can be

abstracted.

Thesepractical constraints, coupledwitha

common set of problems and questions

about sustainability, stability, equity, and

cost effectiveness, result in researchers in

disparatedepartments and fields drawing

on a common set of tools. For example,

general and partial equilibrium models;

optimal unit-commitment, dispatch, and

capacity expansion models;12 life-cycle

assessment;13 and technological learning

curves are widely used and understood.9

As with other disciplines defined by their

scale, macro-energy systems research in-

volves abstractions of sub-processes that

are subjects of study in their own do-

mains. For example, macroeconomics

aggregates and abstracts the actions of
2284 Joule 3, 2282–2293, October 16, 2019
individuals and firms, and the micro-eco-

nomic rules describing them. Similarly,

macro-energy systems necessarily pa-

rameterizes away the chemical or physical

phenomena involved in engine design,

combustion chemistry, or solar cell mate-

rial properties. Such abstraction of

detailed domain knowledge—although

always imperfect—is a natural and neces-

sary feature of knowledge generation at

large scales. To create useful abstrac-

tions, it is essential that macro-energy

systems remains in good communication

with other scales of energy systems

research even as it distinguishes itself.

Likewise, smaller scales of research can

be informed and guided by bigger-scale

issues identified by macro-energy sys-

tems; for example, macro-energy sys-

tems can help identify what types of elec-

tricity storage would bemost valuable for

basic R&D to improve for a future low-car-

bon grid.

Quantitative and Interdisciplinary
Approach

Macro-energy systems research is built

around quantitative analyses and sup-

ported by a holistic understanding of

the systems in question. The engineer-

ing complexity of many of the underly-

ing systems often demands a quantita-

tive model. Additionally, a quantitative

approach encourages a thoughtful

weighing of tradeoffs against each

other, since the researcher must care-

fully think through how each attribute

should be valued.

The problems addressed by macro-en-

ergy systems, including energy access or

decarbonizing energy systems, are

multi-faceted. They may involve several

complex systems such as power systems,

transportation, andevenpolitical or finan-

cial systems. An understanding of several

systemsmay be needed to usefully frame

and interpret research.1,6,7 As a result,

macro-energy systems draws on knowl-

edge and methods from a range of disci-

plines including engineering, environ-

mental science, operations research,

finance, and economics. Macro-energy
systems researchers must be familiar

with theapproachesof severaldisciplines,

so that theymayusefully combine themor

collaborate when appropriate.
Disciplinary Infrastructure Fosters

Better Research and Progress

Scientific infrastructure—broadly

conceived as a set of discipline-specific

journals, meetings, funding bodies, and

communication fora—is key to devel-

oping a mature discipline. Such infra-

structure results in more rigorous

peer review, allows for more efficient

collaboration, and facilitates effective

communication of results to a broader

community. Defining macro-energy

systems as a discipline will enable the

creation of a specific scientific infra-

structure and all of the benefits that it

entails. Such benefits are described in

more detail below.

Gaining Credibility

Fields of inquiry begin to mature when

they have a critical mass of experts

working on a common set of problems,

using common nomenclature, and

sharing core methodological ap-

proaches. This community of scholars

can credibly review and evaluate the ve-

racity and novelty of research outputs.

The creation of macro-energy systems

will also enable practitioners to more

convincingly represent the value of

their research to outsiders. Disciplinar-

ians may have difficulty valuing the per-

spectives and skill-sets of an interdisci-

plinary researcher. Uniting under a

common banner will allow others to

more consistently value the skills of

macro-energy systems researchers.

Increasing Communication

A common identity fosters communica-

tion through conferences, journals, and

the simple ability to identify and seek

out other practitioners. Current journals

and research centers focusing on hu-

man energy systems do not differen-

tiate based on scale. The result is

a combination of large-scale energy



systems analysis with other research,

like device-scale and molecular-scale

technology development, consumer

preference experiments, and energy

finance research. While it is important

to have these broad umbrellas so that

micro- and macro-level research can

inform each other, more specific fora

are also needed to facilitate communi-

cation within macro-energy systems

and ensure a high quality of review.

Formal recognition of macro-energy

systems as its own discipline could

encourage researchers to support

more specific academic infrastructure,

which supports macro-level research.

Avoiding Repeated and Redundant
Effort

A united discipline can help researchers

avoid redundant effort that arises from

knowledge being too widely scattered.

Increased communication means that re-

searchers are more likely to hear about

related work that might be of interest.

Moreover, a common terminology can

arise, making it easier for researchers to

seek out the information they need. An

example of this pitfall is the sphere of

‘‘energy analysis,’’ which is also variously

called ‘‘net energy analysis,’’ and ‘‘energy

return on investment analysis.’’ This

concept has been re-invented numerous

times over decades from multiple direc-

tions by multiple actors13 but still lacks a

consistent methodology.

Establishing Accepted
Methodologies

Macro-energy systems research is pub-

lished in many different disciplinary

journals, making it difficult to easily

assess the state of the art and deter-

mine common methodologies. As a

result, macro-energy systems has little

formalized ‘‘textbook’’ material that

can serve to transmit prior learning to

new researchers or establish best prac-

tices. Codified and vetted methodolo-

gies (or methodological schools) for

studying and teaching about macro-

energy systems phenomena would

improve research rigor.
Encouraging the Next Generation

Unification of disparate areas under the

umbrella of macro-energy systems will

make it more identifiable to new stu-

dents, as well as to job seekers and hir-

ingmanagers. Currently, it is difficult for

interested students to identify the exis-

tence of a research community around

the questions of long-term, large-scale

energy choices and to determine the

skills and experience needed to suc-

ceed in this area. A consolidated disci-

pline, with an established methodology

and pedagogy, will be much better at

recruiting and training the brightest

students. Job seekers will be able to

advertise their skills more effectively

and hiring committees will be able to

formulate their job posting more

clearly.

Moving Forward

Establishing a new discipline, especially

one that pulls from several existing

fields, is not trivial. It requires changing

minds and creating a formal infrastruc-

ture befitting of a formal discipline,

including new pedagogy, standardized

nomenclature, an infrastructure of con-

ferences, academic institutions, and

interpersonal relationships. We pro-

pose to start in two places.

First, academics and researchers who

believe that their work fits with what we

have outlined above can identify their

discipline as macro-energy systems and

can champion macro-energy systems to

their peers. Second, we envision a work-

shop in which participants will chart the

scope and direction of macro-energy

systems research and discuss key educa-

tional components for budding macro-

energy systems researchers. Those

interested in helping put together or

participating in such a workshop are

invited to contact the authors.

Eventually, we hope that this new disci-

pline will lead to a new pedagogy of

teaching large-scale energy system is-

sues, increasingly standardized nomen-

clature and methodologies, a network of
conferences, journals, andacademic infra-

structure, as well as exciting new interper-

sonal relationships. We hope that you

want to work with us on the transition to-

ward a low-carbon future.

1. IPCC (2014). Climate Change 2014: Synthesis
Report. Contribution of Working Groups I, II
and III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change
(IPCC).

2. United Nations Department of Economic
and Social Affairs. (2016). The Sustainable
Development Goals Report 2016. https://
doi.org/10.18356/3405d09f-en.

3. Davis, S.J., Lewis, N.S., Shaner, M.,
Aggarwal, S., Arent, D., Azevedo, I.L.,
Benson, S.M., Bradley, T., Brouwer, J.,
Chiang, Y.-M., et al. (2018). Net-zero
emissions energy systems. Science 360,
eaas9793.

4. Solomon, A.A., Kammen, D.M., and
Callaway, D. (2014). The role of large-scale
energy storage design and dispatch in the
power grid: A study of very high grid
penetration of variable renewable resources.
Appl. Energy 134, 75–89.

5. Peters, G.P., and Hertwich, E.G. (2008). CO2
embodied in international trade with
implications for global climate policy.
Environ. Sci. Technol. 42, 1401–1407.

6. Riahi, K., Dentener, F., Gielen, D., Grubler,
A., Jewell, J., Klimont, Z., Krey, V., McCollum,
D., Pachauri, S., Rao, S., et al. (2012). Energy
Pathways for Sustainable Development. In
Global Energy Assessment: Toward a
Sustainable Future (Cambridge University
Press), pp. 1203–1306. http://pure.iiasa.ac.
at/id/eprint/10065/1/GEA%20Chapter%
2017%20Energy%20Pathways%20for%
20Sustainable%20Development.pdf.

7. Kaya, Y., and Yokobori, K. (1997).
Environment, Energy, and Economy:
Strategies for Sustainability (United Nations
University Press).

8. DeCarolis, J.F., and Keith, D.W. (2006). The
economics of large-scale wind power in a
carbon constrained world. Energy Policy 34,
395–410.
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Introduction

The task to build out and reshape the

world’s energy system is central to two

of the greatest challenges for the 21st

century: fulfilling the economic aspira-

tions of a growing world population,

while drastically reducing CO2 emis-

sions to limit global warming. Even in

a net-zero-emissions world, significant

demand for hydrocarbon fuels will

persist. This will require that the CO2

emissions from fossil fuels be captured

and stored (carbon capture and stor-

age, CCS) and that remaining emissions

are offset by negative emissions from

bioenergy CCS (BECCS), afforestation,

etc. by deploying existing technolo-

gies. In all cases, governments need

to be proactively involved to coordi-

nate and support the transition. A

radical alternative exists in the form of

solar fuels, carbon-neutral fuels pro-

duced from renewable electricity, wa-

ter, and the circular use of CO2. If and

when solar fuels could be produced at

affordable cost and scaled, their market

introduction could be market led,

needing no more than price protection

in the form of a carbon price. While a

cost target of 200 US$ per barrel is

potentially achievable in the long run

if strong cost reductions can be met in

all component elements, it is a high-

risk bet for policy to rely on it in place

of other technologies that are available

today yet difficult to implement for non-

technical reasons.

The Choice at the Heart of the

Energy Transition

Since 2000, the world has made prog-

ress on the energy transition by the

rapid deployment of ‘‘new renew-

ables,’’ notably solar photovoltaics

(PV) and wind. This expansion appears

likely to continue apace as costs

continue to fall and decarbonization ef-

forts increase under the pressure of

‘‘Paris.’’ Any future scenario therefore
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