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Open-source energy system modelling – boon or bane?
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Open-source lowers barriers to entry for energy-system++ modelling

Required ingredients to energy system modelling
Cheap computing power to run large-scale assessments
Open-source tools for data processing, model execution, and results analysis
Publicly available data sets
Free lecture material, online courses, etc.
E.g.: Youtube channel “Teaching Energy Modelling OSeMOSYS Teaching Kit“

The barriers to start model development are virtually zero
Advantage: “democratization” of research
Disadvantage: risk of doing subpar research (herd behaviour, quick-and-dirty analysis)

The academic incentive structure is misaligned towards novelty rather than collaborative work

The	barriers	to	energy	system	modelling	are	almost	zero.
Is	that	a	good	thing?
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Some practical considerations for starting model development

Make	a	conscious	choice	concerning	the	system	boundaries	of	your	work
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The scenario space of the Shared Socioeconomic Pathways

are an important method for exploring uncertainty in future
societal and climate conditions (Jones et al., 2014). Scenarios of
global development focus on the uncertainty in future societal
conditions, describing societal futures that can be combined with
climate change projections and climate policy assumptions to
produce integrated scenarios to explore mitigation, adaptation and
residual climate impacts in a consistent framework.

Often, societal development scenarios consist of qualitative and
quantitative components (Raskin et al., 2005; Rothman et al., 2007;
Ash et al., 2010; van Vuuren et al., 2012). Quantitative components
provide common assumptions for elements such as population,
economic growth, or rates of technological change that can be
meaningfully quantified and that can serve as inputs to models of
energy use, land use, emissions, and other outcomes. Qualitative
narratives (or storylines) describe the evolution of aspects of
society that are difficult to project quantitatively (such as the
quality of institutions, political stability, environmental aware-
ness, etc.), provide the logic underlying those elements of scenarios
that are quantifiable (and their relationships to each other),
and provide a basis for further elaboration of the scenarios by
users.

A process is under way in the climate change research
community to develop a new set of integrated scenarios
describing future climate, societal, and environmental change
(Moss et al., 2010). This process started with the development of
representative concentration pathways (RCPs) that describe a
set of alternative trajectories for the atmospheric concentrations
of key greenhouse gases (Van Vuuren et al., 2011). Based on
these, climate modelers produced a number of simulations
of possible future climates over the 21st century (Taylor et al.,
2012). In parallel, other researchers are producing a new set of
alternative pathways of future societal development, described
as shared socioeconomic pathways (SSPs), and using integrated
assessment models (IAMs) to produce additional quantitative
elements based on them, including future emissions and land
use change. A conceptual framework has been produced for the
development of SSPs (O’Neill et al., 2014) and for how to combine
IAM scenarios based on them with future climate change
outcomes and climate policy assumptions to produce integrated
scenarios (Ebi et al., 2014; van Vuuren et al., 2014; Kriegler et al.,
2014) and support other kinds of integrated climate change
analysis.

However, the specific content (as opposed to the conceptual
framework) of the SSPs and associated IAM scenarios has, until
now, not been presented in the peer-reviewed literature. The focus
of this special issue is to present that content. The SSPs describe
plausible alternative changes in aspects of society such as
demographic, economic, technological, social, governance and
environmental factors. Like many previous characterizations
of future societal development, they include both qualitative
descriptions of broad trends in development over large world
regions (narratives) as well as quantification of key variables that
can serve as inputs to integrated assessment models, large-scale
impact models and vulnerability assessments (Alcamo, 2001). In
this paper we present the SSP narratives, describing the methods
used to develop them, their main features, and open questions
regarding their design and use. Along with the narratives, we
provide tables that summarize trends in key elements of the SSPs.
Other papers in this special issue describe the quantitative
elements of the SSPs, including population and educational
composition (KC and Lutz, 2014), urbanization (Jiang and O’Neill,
2014), and economic growth pathways (Crespo Cuaresma, 2014;
Leimbach et al., 2014; Dellink et al., 2014). An additional set of
papers focus on the integration of the narratives and quantitative
elements of the SSPs into IAM simulations describing the possible
evolution of land use, energy and agricultural systems and

resulting GHG emissions under different SSPs and climate policy
assumptions.

Within the conceptual framework for integrated scenarios, the
SSPs are designed to span a relevant range of uncertainty in societal
futures. Unlike most global scenario exercises, the relevant
uncertainty space that the SSPs are intended to span is defined
primarily by the nature of the outcomes, rather than the inputs or
elements that lead to these outcomes (O’Neill et al., 2014). As such,
the design process begins with identifying a particular outcome
and then identifies the key elements of society that could
determine this outcome. This approach is typically associated
with backcasting, where an end state is already in mind as the
pathways are being developed, although not necessarily assuming
that these states are all desirable (Vergragt and Quist, 2011). Such a
backcasting scenario approach has proven effective in focusing on
those areas of the uncertainty space that are most important in
choosing among alternative options (Groves and Lempert, 2007).
Although the domain of application of climate change scenarios
includes a large range of specific decision-making situations,
they generally cover options to mitigate or adapt to climate
change. Therefore, the SSP outcomes are specific combinations
of socioeconomic challenges to mitigation and socioeconomic
challenges to adaptation (Fig. 1). That is, the SSPs are intended to
describe worlds in which societal trends result in making
mitigation of, or adaptation to, climate change harder or easier,
without explicitly considering climate change itself.

While the focus on challenges to mitigation and adaptation
allows for a more systematic exploration of uncertainties relating
to climate policies, the SSPs can also be useful in other contexts
relating more broadly to sustainable development. This is due
to the fact that socio-economic challenges to mitigation and
adaptation are closely linked to different degrees of socio-
economic development and sustainability, a topic we discuss in
Section 4. Thus, the SSPs can be applied to the analysis of
sustainable development problems without specific reference to
mitigation and adaptation challenges even though these chal-
lenges were the starting point for their design. It is, of course,
possible that a backcasting approach that took broader sustainable
development rather than climate change challenges as a starting
point would yield a somewhat different set of SSPs. To this end, the
approach taken here for climate change research may provide a
useful example for the development and use of new scenarios in
sustainable development research.

While the SSPs, and the scenario process more broadly, are
intended to be policy relevant (hence the framing in terms of
challenges to two types of policy responses), the intended direct
[(Fig._1)TD$FIG]

Fig. 1. Five shared socioeconomic pathways (SSPs) representing different
combinations of challenges to mitigation and to adaptation. Based on Fig. 1
from O’Neill et al. (2014), but with the addition of specific SSPs.

B.C. O’Neill et al. / Global Environmental Change 42 (2017) 169–180170

Schematic illustration of main steps in developing the SSPs, Fig. 1, O’Neill et al. (2017)

In	contrast	to	earlier	model	family	set-ups	and	scenario	design	processes,
the	SSP’s	started	from	challenges	along	the	adaption	vs.	mitigation	dimension
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The pathway development process

caveat, however, is that the SSP uncertainty ranges are often based
on different sample sizes, as not all modelling teams have so far
developed a scenario for each of the SSPs. Note also that our results
should not be regarded as a full representation of the underlying
uncertainties. The results are based on a relatively limited number
of three models for the GDP projections and six models for the IAM
scenarios. Additional models or other variants of the SSP narratives
would in!uence some of our results. As part of future research,
additional SSP scenarios are expected to be generated by a wide
range of IAMs to add further SSP interpretations. This will further
increase the robustness of uncertainty ranges for individual SSPs
and estimates of differences between SSPs. The set of results
comprises quantitative estimates for population, economic
growth, energy system parameters, land use, emissions, and
concentrations. All the data are publicly available through the
interactive SSP web-database at https://secure.iiasa.ac.at/web-
apps/ene/SspDb.

The current set of SSP scenarios consists of a set of baselines,
which provides a description of future developments in absence of
new climate policies beyond those in place today, as well as
mitigation scenarios which explore the implications of climate
change mitigation policies. The baseline SSP scenarios should be
considered as reference cases for mitigation, climate impacts and
adaptation analyses. Therefore, and similar to the vast majority of
other scenarios in the literature, the SSP scenarios presented here
do not consider feedbacks from the climate system on its key
drivers such as socioeconomic impacts of climate change. The
mitigation scenarios were developed focusing on the forcing levels
covered by the RCPs. The resulting combination of SSPs with RCPs

constitutes a "rst comprehensive application of the scenario
matrix (van Vuuren et al., 2014) from the perspective of emissions
mitigation (Section 6.3). Importantly, the SSPs and the associated
scenarios presented here are only meant as a starting point for the
application of the new scenario framework in climate change
research. Important next steps will be the analysis of climate
impacts and adaptation, the adoption of SSP emissions scenarios in
the next round of climate change projections and the exploration
of broader sustainability implications of climate change and
climate policies under the different SSPs.

In the remainder of the paper we "rst describe in Section 2 the
methods of developing the SSPs in more detail. Subsequently,
Section 3 presents an overview of the narratives. The basic SSP
elements in terms of key scenario driving forces for population,
economic growth and urbanization are discussed in Section 4.
Implications for energy, land-use change and the resulting
emissions in baseline scenarios are presented in Section 5, while
Section 6 focuses on the SSP mitigation scenarios. Finally, Section 7
concludes and discusses future steps in SSP research.

2. Methods

2.1. Basic elements and baseline scenarios

The SSPs have been developed to provide "ve distinctly
different pathways about future socioeconomic developments as
they might unfold in the absence of explicit additional policies and
measures to limit climate forcing or to enhance adaptive capacity.
They are intended to enable climate change research and policy

Fig. 1. Schematic illustration of main steps in developing the SSPs, including the narratives, socioeconomic scenario drivers (basic SSP elements), and SSP baseline and
mitigation scenarios.

K. Riahi et al. / Global Environmental Change 42 (2017) 153–168 155

Schematic illustration of main steps in developing the SSPs , Fig. 1, Riahi et al. (2017)

Starting	from	individual	storylines	and	a	number	of	drivers,
the	energy	system	projections	for	each	pathway	were	developed
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More practical considerations for starting model development

Commonly used methodologies:
Optimization: determine the system that is optimal according to a metric
Equilibrium: determine the system as a result of interacting agents
Simulation: determine the system given some decision rules

Dealing with uncertainty:
Deterministic optimization (perfect foresight):

all future states (exogenous parameters) are known at the beginning of the model horizon

Stochastic optimization:
all future states along an “uncertainty tree” are known, including probabilities of each branch

Myopic (rolling horizon) optimization:
• decisions in period y are taken under some assumptions about the future;
• move to period y + 1 and repeat, with (possibly altered) assumptions about periods [y + 2, ... ]

Choose	an	appropriate	methodology	for	the	research	question	at	hand
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Yet more practical considerations for starting model development

• Model uncertainty:
Is the approach appropriate? Are results dependent on the methodology?

• Parameter uncertainty:
How much confidence can you have on input assumptions?

• Model horizon and level of temporal/spatial disaggregation:
What is the intended scope of analysis? Beware of the “end-of-horizon”-effect!

• Model simplifications for numerical tractability and comprehensibility:
What are appropriate trade-offs between having a high level of detail vs. loosing focus?
E.g., variable renewables require infrastructure for system stability – assumption or result?

• System boundaries and model closure:
Are the assumptions to “close” the model valid?
E.g., for a national electricity model, you need to make assumptions about import/export

There	are	many	issues	that	a	self-critical	modeller	should	consider...
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Methods to evaluate the robustness of results

Methods for validation:

• Sensitivity analysis:
Structured variation of key input parameters to understand the impact on results

Relatively easy to do, but you can never do sensitivity assessment for all parameters...

• Multi-criteria analysis:
Include multiple dimensions in the objective function, solve model with different weights

Requires some work, still prone to modelling artefacts

• “Modelling to generate alternatives”
Re-solve a model to get a different solution within some additional bounds

Very elegant, but requires substantial effort to implement
Further reading: Joseph F. DeCarolis. Using modeling to generate alternatives (MGA) to expand our
thinking on energy futures. Energy Economics 33(2):145-152, 2011. doi: 10.1016/j.eneco.2010.05.002

Think	hard	about	testing	your	model	behaviour
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So you have some results...
How can you present them to maximize impact?

A few comments on better-practice for communication of insights

Part	2
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The importance of framing for good science communication

• Economists believe in the “invisible hand” of efficient markets
They too often ignore the key assumption of full information in markets

• Engineers are confident that they have “the right answer” and hope that science will prevail

• Social scientists and marketing executives understand the importance of communication
They understand the role of appropriate words, intuitive visuals, appealing to emotions, etc.

”Framing” is not about distorting the message!
It means ensuring that message & messaging are aligned and reflect the same values!

• Possible entrypoints:
George Lakoff, Professor Emeritus at the University of California, Berkeley
https://framelab.us (check out their podcast)
Podcast ”Petajoule” by the Austrian Energy Agency (in German)

Scientists	(engineers	in	particular)	tend	to	frown	upon	framing
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An example for great framing: More than showing ranges of scenarios

Figure 1 | Global greenhouse gas emissions 
as implied by INDCs compared to no-policy 
baseline, current-policy and 2 °C scenarios. 

Joeri Rogelj et al. (2016)
Paris Agreement climate proposals need
a boost to keep warming well below 2 °C.
Nature 534:631, 2016.
doi: 10.1038/nature18307

The	arrows	indicate	that	more	(ambition)	means	less	(GHG	emissions)
and	they	illustrate	how	various	levels	of	ambitions	build	on	each	otherPERSPECTIVE RESEARCH
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further policy effort. Likewise, projected emissions under current policy 
that exceed those under the INDC can result from a relatively ambitious 
INDC, from a lack of domestic climate policy, or a combination thereof. 
Therefore, this comparison alone cannot adequately reflect the overall 
level of ambition.

For a number of countries (such as Russia and Ukraine), the INDC 
targets suggest that emission levels above their estimated no-policy base-
line or current-policy scenario will be reached. These countries are thus 
expected to overachieve their INDC targets by default. Under the rules 
of the Kyoto Protocol, over-delivery on a target would have generated 
surplus emission allowances by the quantity the target level is overa-
chieved. These allowances can then be traded with other countries, who 
apply them to achieve their own GHG reduction target. Such a system 
could also be developed under the Paris Agreement, which allows for 
the voluntary use of “internationally transferred mitigation outcomes”. 
However, the extent to which such a mechanism will ultimately be devel-
oped and used remains unclear, because it will require features, infor-
mation and accounting of contributions to become much more precise 
than they are now. Different modelling teams treat these surpluses in 
different ways, which adds an uncertainty of about 1!Gt!CO2-eq!yr!1 to 
the estimates presented here.

Confounding factors
The literature synthesized in this assessment reveals a wide range of esti-
mates of future emissions under nominally similar scenarios (see small 
symbols in Fig. 1). These differences can stem from a number of factors, 
including modelling methods, input data and assumptions regarding 
country intent. Our review identifies four key factors that contribute to 
the discrepancies and differences between the various 2030 emissions 
estimates.

Incomplete coverage
Several global and national sectors as well as countries are not covered 
by INDCs. Often, emissions estimates for sectors that are not included 
under INDCs range widely. This is the case for, for example, global 

emissions from international aviation (despite an industry pledge out-
side the UNFCCC33) and maritime transport, or the national non-CO2 
GHG emissions from China. Subtracting national sectors that are not 
covered, INDCs cover at least 8 percentage points less of global emis-
sions than the 96% indicated earlier (Supplementary Text 2). Under the 
Paris Agreement, developing countries are encouraged to move over time 
to economy-wide targets, so that future analyses should become more 
comprehensive. Countries that are not a UNFCCC Party or have not yet 
put forward an INDC are also studied in less depth, but represent only a 
diminishing amount of global emissions (about 1%–2%). Finally, studies 
themselves make specific choices about which INDCs to cover or focus 
on, which in turn influence projected emissions.

Uncertain projections
GHG emission projections of countries that have submitted INDCs are 
uncertain, particularly if targets are not unambiguously translatable in 
absolute emission reductions. Most INDCs do define straight-forward, 
absolute GHG emission targets (in units of CO2-eq in a given year or 
period), or targets that can be relatively easily translated into absolute 
levels (for example, a reduction from a fixed historical base year), but this 
is not always the case. About 75 INDCs are defined relative to hypothetical 
‘business-as-usual’ or reference scenarios in the absence of climate pol-
icy32. In some cases governments do not define their reference scenario, 
and in other cases official projections differ substantially from those from 
international and national modelling teams. Overall, these uncertainties 
should become smaller, because the Paris decisions request countries to 
ensure some methodological consistency of future submissions. Another 
complicating factor is that several countries put forward targets that do 
not directly specify emissions (such as a renewable energy target) or 
targets on emissions intensity (for instance, improvements of the ratio 
of carbon emissions, CO2, to economic output, GDP). If the expected 
GDP growth rate is not provided, additional assumptions are required to 
quantify the implied absolute level of GHG emissions and these assump-
tions differ across modelling groups. For example, the estimated emis-
sions for China for 2030 under its INDC range from 12.8!Gt!CO2-eq!yr!1 

Figure 1 | Global greenhouse gas emissions as implied by INDCs 
compared to no-policy baseline, current-policy and 2 °C scenarios. 
White lines show the median of each range. The white dashed line shows 
the median estimate of what the INDCs would deliver if all conditions 
are met. The 20th–80th-percentile ranges are shown for the no-policy 
baseline and 2 °C scenarios. For current-policy and INDC scenarios, the 

minimum–maximum and 10th–90th-percentile range across all assessed 
studies are given, respectively. Symbols represent single studies, and are 
offset slightly to increase readability. Dashed brown lines connect data 
points for each study. References to all assessed studies are provided in  
Box 1. Scenarios are also described in Box 1.
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Visualizing beyond the data: include icons and other elements in figures

Figure 1 | Overview of process of compilation of 
scenario ensemble data and illustrative data 
visualizations.

D. Huppmann et al. (2018). A new scenario 
resource for integrated 1.5 °C research.
Nature Climate Change, 8:1027-1030.
doi: 10.1038/s41558-018-0317-4

The	key	messages	of	this	commentary	are	the	process	as	much	as	the	data,
so	it’s	ok	to	include	an	appealing	visual	representation	to	highlight	this	aspect
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Boosting the signal to deliver better talks 

Scientific presentations are too often confusing, boring & overstuffed

Giving a good conference presentation or research seminar talk can open doors

Some practical considerations:
Read the room – tailor your talk to the audience
Be clear about your main message and deliver your take-away message at the start
Make a (new) plan – don’t just re-animate an old PowerPoint presentation
Storyboard your presentation
Be kind to your audience and connect 
Write “sentence headline” titles and explain figures (ideally one per slide)
Don’t (necessarily) follow the “one slide per minute” rule

Boosting the Signal, Scott S. George & Michael White, 26 March 2020, Nature
doi: 10.1038/d41586-020-00838-3

You	probably	spend	too	little	time	on	preparing	presentations	of	your	work
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Better communication of research: Designing more appealing posters

Check out the full video for #betterposters at https://www.youtube.com/watch?v=1RwJbhkCA58

Scientists	feel	pressured	to	put	all	their	knowledge	in	a	manuscript/onto	a	poster,
but	creating	a	“wall	of	text”	is	not	a	good	approach	to	communicate	your	work
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A short clip on how to improve data table visualization

via Twitter from @jessicadjewell
https://t.co/gE0qnRxBLK
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Thank	you	very	much	for	your	attention!
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a Creative Commons Attribution 4.0 International License 
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