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It's 2025: 25 years left till 2050

In the first half of 2025: Emissions still growing, time running out!
_ 45 Gt CO, ‘Global CO, pathways using Remaining Carbon Budgets
. ¥ Global renewable generation N
/,- has overtaken global coal .
" generation for the first time! o
. ., Solar and wind growth zz
@ﬁ together exceeded global .
&~ demand growth for the first .
time! .
(Ember Energy, : l \\mm&mm N
7 OCtOber 2025) 2000 2020 2040 2060 2080 2100

Ember Energy (7 Oct 2025), https://ember-energy.org/latest-insights/global-electricity-mid-year-insights-2025/
Global Carbon Budget (2024), https://globalcarbonbudget.org/gcb-2024/
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Some parts of transition faster than needed, many still slower

Current pace of the energy transition in Germany is far too slow to reach the 2030 targets
Example: The expansion pace of photovoltaics was most recently 85 percent of the average pace that is needed to reach
the 2030 target.

As of December, 2024
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85% 30%0 22% 11%0 25%
Installed capacity Installed capacity Installed capacity Battery electric car Number of public
of photovoltaics of onshore wind power  of offshore wind power stock charging points

Few: faster Most: slower than needed

DIW (Dec 2024), https://www.diw.de/ampel-monitor
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Energy system models

In theory, (energy) system models™ should help plan system integration
and balance the speed of a well-planned transition across all system components

.~ % — ‘ﬁzﬁ@f_»fﬁ
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and the rest
of the economy...

* | am mostly talking about energy system models that typically use mathematical optimisation methods to plan and/or
operate an energy system at scales from cities to continents, typically minimising cost or maximising social welfare.




Meanwnhile,
back in the 80s...
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https://en.wikipedia.org/wiki/The Terminator
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Meanwhile, back in the 80s...

Conference S 11 areas of disagreement
Proceedings of the GROPING

Sixth [IASA ;

Symposium on in the

Global Modeling DARK 3. Should models be normative or
(1978) THE FIRST DECADE OF descriptive?

GLOBAL MODELLING

Donella Meadows ‘ 6. Should models be big or small?
John Richardson -

Gerhart Bruckmann

Meadows et al. (1982), http://archive.org/details/gropingindarkfirO000mead
(Conference Proceedings of the Sixth IIASA Symposium on Global Modeling, 17-20 October 1978)
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Meanwhile, back in the 80s...

13 areas of agreement

Social factors Transparency

Meadows et al. (1982), http://archive.org/details/gropingindarkfirO000mead
(Conference Proceedings of the Sixth IIASA Symposium on Global Modeling, 17-20 October 1978)
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Challenges for energy system modelling (as of 2014)

Addressing the growing
Resolving time and space complexity of the energy
system

Balancing uncertainty and Integrating human behavior

transparency

and social risks and
opportunities

Pfenninger et al. (2014). https://doi.org/f526xf
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Today, we will focus on:

Transparency

Can we address both of
these simultaneously?

Social factors




2. Progress: resolution + complexity
3. Gaps: transparency + social factors

4. \What to do”?

5. Conclusion



Resolution and complexity

Spatial Temporal Sector
resolution resolution coupling

Status quo reviewed in Chang et al. (2021),
and it has only gotten better since.

Chang et al. (2021), https://doi.org/10.1016/|.apenergy.2021.116731

Over the last decade:
Many many examples —
too many to even list here!

11
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Resolution and complexity also beyond the energy system

| Paula Borba
Yb-zone model of Brazi! Potential area for reforestation of
Zones conservation relevant lands(1000 km?)
- Model land-use
1 AP .
AV constrained
/2 renewable
expansion. Amazon ,
"y “Q | 256 Caatinga
1 84
A Ceﬁ'ado
Y 299
Pantanal *
16
. g 1" Southeast Atlantic{ ;
: rainforest
Finding: Land conservation and the o 1<
renewable energy transition are Parfipes
simultaneously possible in Brazil.
12

Borba et al. (accepted in One Earth), https://doi.org/10.21203/rs.3.rs-3888976/v
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Challenges for energy system modelling (as of 2014)

Resolution

Transparency Social factors

Pfenninger et al. (2014). https://doi.org/f526xf
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3. Gaps: transparency + social factors
4. What to do?

5. Conclusion



ransparency FQUP reasons for models to be open

(from Pfenninger et al., 2017)

R W M A

Improve.d quality of Increased productiyity More effective Profound relevance to
science through collaborative collaboration across the societal debates
burden sharing science-policy boundary

Internal to research

Transparency and understandability are at the core of all of these.

Pfenninger et al. (2017), https://doi.org/10.1016/j.enpol.2016.11.046
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ransparency  |SN't thiS @ solved problem?™ © Perhaps not

Increasing Increasing
PhD candidates rate
model usabillity as
lower than senior
researchers and often

iInvest large amounts
of effort to get a full

Complexity Openness of Transparency and picture of the model.

and resolution code and data understandabillity

A
E Scheller et al. (2021)

Chang et al. (2021), https://doi.org/10.1016/|.apenerqgy.2021.116731
Scheller et al. (2021), https://doi.org/10.1016/].seqy.2021.100057
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e Should social factors be in models?

‘[...] the final task is to represent the behaviour of
the [social] groups within a model”

Keyser quoted in Meadows et al. (1982)

“We conclude that users want better models
regarding the representation of environmental
and social factors”

Susser et al. (2022)

Susser et al. (2022), https://doi.org/10.1016/|.erss.2022.102775
Meadows et al. (1982), http://archive.org/details/gropingindarkfir0000mead

Why do these calls
persist over the
decades?

®* Progress Is being
made, but not
quickly enough?

* “Social factors” do
not suit model
paradigms like
optimisation?

° 92

17
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social AN example of adding social considerations

6

factors S .
to a cost-minimising model Veiun Chen
g - v ¥ Most uneven household investment
Most even household investment
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_ European countries, ranked by average income, from low to high
Chen et al. (submitted) 18



Transparency + social factors: summary so far

Transparency

More open source and open data
More complexity and higher resolution
Transparency and understandability of models: still a challenge

Social factors

Calls to include them since decades

Solutions are possible but can be unsatisfactory

Likely many reasons, including mismatch of optimisation
modelling paradigm with “integrating social factors”?

19



4. \What to do”?

5. Conclusion



What to do”? Reminder:

Social factors

Transparency

Can we address both of
these simultaneously?

21



>ocial
factors

The social nature
of models

Thompson (2022)

HOW MATHEMATICAL

i

A\ LEAD US ASTRAY AND

\  WHAT WE CAN DO
T

ERICA THOMPSON

22



fzgfcii What do mOde”erS thlnk? Qnseurg;ezyzfc;r?\e;modellers

. Strongly agree Neither agree Somewhat disagree
O g . Strongly disagree

Franziska Bock

Somewhat agree

Consensus

L.17. One should rely on the assessments and
recommendations of renowned modellers without 8% 8% 84%
question. (n=159) . Consensus on t d -
L.4. The individual background and belief system I S a re e URshgresmen: l I l OS I Sa g re e
of a modeller are not relevant to their model and 179 12% 71%
scenario design. (n=164)

L.13. Model-based analyses should be easy to

u
L.1. There is no way to determine whether someone W I t h S tate l I I e nt)
has the right answer in this field. (n=166) . 14% . 52%
L.9. Modellers typically understand the field and 0
its approaches in the same way. (n=165) 12% 48% Dissensus
L.10. The practice of modelling is more of a 18% 46%
subjective art than a hard science. (n=166) v
L.11. Due to their scientific basis, the same
modelling tools consistently yield precise o 0
results in diverse situations and contexts. ' 13% 46% .
e.g. statemen
L.15. Modellers should recommend precise actions . - -
rather than solely analysing possible choices. 429 13% 45%
(n=159) . . 1 . .
s D N their Work, maoaeitiers can uitimate
L.5. In this field, true answers are more of an o o O a rl Sa I O n J
opinion than a fact. (n=166) 15% . 9% . . .
L.6. In their work, modellers can ultimately get o o g et tO th e O bJ e Ct I Ve tru t h m
1 8 to the objective truth. (n=165) X 0% *°%
interpret even without knowing the model, 10% 35%
S a e I I l e n S assumptions, or data used. (n=159)
L.8. Common principles applied in this field are o "
consistent over time. (n=166) 4 19% 27%
Dissensus
L.7. Truth in this field keeps changing. (n=162) 20% 23%

L.2. In this field, modellers can come to the

correct answer. (n=165) 24%

18%

L.18. Even recognised modellers are biased so
that their analyses and recommendations should be
scrutinised. (n=158)

16% 8%

Consensus

e.g. 18: “Even recognised

m llers are b that their
i (=" (most agree anoaclI esgssaar:de rbe;azc?ridmseondaation:
with statement) y e )
ool should be scrutinised.

50 75 100
Percentage

Bock and Pfenninger-Lee (2025), https://doi.org/10.1016/j.erss.2025.104229 Funding: REINTEGRATE 5

L.14. Model-based scenarios cannot be read
appropriately without information on the used
model, assumptions, and data. (n=159)

o~
— e

49

L.16. Modellers should outline pros and cons of
decision options instead of offering direct
recommendations. (n=159)

L.3. In this field, it is important to question
the subjective choices a modeller makes in the
light of their origin and worldview. (n=164)

3%

L.12. Modelling tools contain value-laden
assumptions that must be tailored to a specific
situation and context. (n=165)

o
N
wn



https://doi.org/10.1016/j.erss.2025.104229

Social

meors ©OCIAl science about modellers and modelling

Agreement. model-based
scenarios cannot be
iInterpreted responsibly ﬁ

without knowledge of the '

model, assumptions, and
( data.

Social factors

Positivist modeller Post-positivist modeller

Bock and Pfenninger-Lee (2025), https://doi.org/10.1016/j.erss.2025.104229
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mansparency  \\/hat IS INside a model?

Potential area for reforestation of
conservation relevant lands(1000 km?)

Amazon
D56 Caatinga
84
Cerrado
299
Pantanal
19
Atlantic
rainforest
127
Pampas The model The model is made up of
text, .data and .code
Model result

Pfenninger (2024), https://doi.org/10.1088/2516-1083/ad371e
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Transparency - Separation into understandable building blocks

. Text . Data . Code

e.g. optimisation,

simulation,
system dynamics,

. -

26



ranspareney - EX@Mple: land availabllity
Tet [ Data [ Code

Box:
land availability .
for energy system
infrastructure

27



ranspareney - EX@Mple: land availabllity
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Configuration

pv_open_field:
initial_area: pixel _area
continuous_layers:
slope:
min: 0
max: 3
settlement_share:
min: 0
max: 0.01
binary layers:

Open-field
PV areas
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Outputs
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transparency - Cl10: @ modular "model generator Q

lvan Ruiz Manuel Jann Launer

Calliope open-source

I energy system
[ modelling software

www.callio.pe

geo boundaries
module

(resolution is fully
flexible)

Our aims:

Run globally, not just Europe
Understandable and transparent

“
_ Various _ _
area potentials other “model integration”
module modules module for Calliope

4

integration

module for any _
other modelling tool Shared, model-agnostic effort

(model-agnostic) Fully free and open

capacity factors
module

A Work In progress

MnIcT SWiss energy research
J u S SW e et for the energy transition
WIND ——
4 ALL PATHFNDR

29
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ransparency | @SSON learned from Renewables.ninja

0
,1-\ Renewables.ninja Help ~ Downloads News Sign up Login ~
TN
’ ~ ;‘J\\-"/\’) >’
Y (,/J' ' \ S
-. { /
IIIIIII [ | |
| |
Lat Lon e Way O e nlnja-

Do one thing well, -

Renewables.ninja o
solar, wind, demand . and do it in an

and weather simulations X N = ynderstandable
www.renewables.ninja g, T = :

cessible way. 4

Ugi%a [

the Congo e

'\—‘ "'EI T~ V' " Indone
L ]
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a Brunei
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.\_/____j

CCCCCCCCC
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1. Introduction
2. Progress: resolution + complexity

3. Gaps: transparency + social/political factors

4. \What to do”?

5. Conclusion



Conclusion
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Putting people into

models can work,
but also consider...
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...bringing models to people
(in digestible pieces).
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... better understanding
what goes on inside model builders....
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... and users.

Transparency

Social factors
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Thanks for listening!

Models to people, not (just) people into models:

1. Let's acknowledge and explore the
social dimension of modelling more.

2. Let's collaboratively build models

Get in touch!

out of smaller, more understandable Stefan Pfenninger-Lee
www.pfenninger.org
COmpOnentS. S.Pfenninger@tudelft.nl

+ * “x | r Research work presented here has received funding from the European Union's Horizon Europe
Sodbi @Q 4 ALL R INT@TE Research and Innovation Programme under grant agreements No 101118217 and 101083936.

33


http://www.pfenninger.org
mailto:S.Pfenninger@tudelft.nl

	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5: Meanwhile, back in the 80s…
	Slide 6: Meanwhile, back in the 80s…
	Slide 7: Meanwhile, back in the 80s…
	Slide 8
	Slide 9
	Slide 10: 1. Introduction
	Slide 11
	Slide 12
	Slide 13
	Slide 14: 1. Introduction
	Slide 15
	Slide 16
	Slide 17
	Slide 18: An example of adding social considerations to a cost-minimising model
	Slide 19
	Slide 20: 1. Introduction
	Slide 21
	Slide 22
	Slide 23: What do modellers think?
	Slide 24: Social science about modellers and modelling
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31: 1. Introduction
	Slide 32
	Slide 33

