‘\ Diego Moya, PhD
( DIV i M https://diegomoya.me/

Transition & Policy
@v

PhD: GIS-ABM
Geospatial Big Data analytics and ABM to assess the long-term
sustainable climate-energy-economy transition worldwide

Imperial College

London \‘[

Alumnus: SSCP 7‘\ Founder: /.\ IIASUR
7

Centre for INSTITUTE FOR APPLIED
D T P Process Systems Engineering SUSTAINABILITY RESEARCH



https://diegomoya.me/
https://diegomoya.me/
https://www.imperial.ac.uk/grantham/education/science-and-solutions-for-a-changing-planet-dtp/
https://www.imperial.ac.uk/process-systems-engineering/about-sargent-centre/
https://iiasur.org/en/

_muse

Cost of capital

Conversion sectors
ModUlar energy system Simulation Environment e oporation
ResidentiAl Spatially-resolved and temporal-explicit Agents R
Refinenes & Processing
. . Cost of capital ' - Se;éemands
Unique climate-energy-economy and costof capita
system simulation tool to analyse e End-use
. . supply ,_sectors Market demand
the role of technologies in the global yoch optns Clearing sectors
T . . :{;‘:::lor:s AIgOrithm -Inves-tl:nenl and
energy transition, integrating il opersion
Geographic Information Systems Cod Nzl uines
(GIS) and agent-based modelling Renewables i franspor

Nuclear \ Agriculture

(MBA): space-time and human

dimensions of the transition. https://www.imperial.ac.uk/muse-energy/what-is-muse-/

MUSE-RASA GIS



Geographical Information Systems:
GIS

Geospatial Datasets: Spatial and temporal dimensions
 Outdoor temperature
* Population count
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* Heating/cooling demand V'
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Latitude

Geographical Information Systems:

MUSE-RASA GIS

Initial calculations:
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Global atlas of the SH+WH Global atlas of the end-use
demand in the residential sector energy demand density

Sachs, J., Moya, D., Giarola, S., & Hawkes, A. (2019). Clustered spatially and temporally resolved global heat and

cooling energy demand in the residential sector. Applied Energy, 250, 48-62.
https://www.sciencedirect.com/science/article/abs/pii/S0306261919308657
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GIS: spatial clustering — machine learning
_ MUSE-RASA_} GIS

Unsupervised Machine Learning

GDPpc [USS/y]

HDpc [MWh/cap]

HD [MWh/km?]

classes  lower upper | classes lower upper | classes lower upper
1 min 500 1 min 0.9 1 min 1790
2 500 3785 2 0.9 3.2 2 1790 12080
3 3785 18215 | 3 3.2 53 3 12080 36927
4 18215 41667 | 4 5.3 max 4 36927 max

5 41667 75901

6 75901 max
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Geospatial data-driven, agent-based,
technology-rich, bottom-up approach

Combining GIS with Agent-based modelling: MUSE-RASA

7. Application of MUSE-RASA
model framework

General Framework for the MUSE ABM Framework
Spatial Agent Definition
6. Eight scenario definition oY Aiuacs N Determine how many new
- / (2) Diversity, (3) Evolution Y technologies and retrofits are
' L : E Calculate future stock of assets & needed
! 44 IR : amount decommissioned
| i (— === Hm———— ""I | Get potential new assets |
. . . : ! Demand forecast for end-uses
5. Spatial cross validation ; Ll | | I B e S .
! t ! I Future demand |’ ) i I Search for potential assets | (4) Decision- .
' (1) Heterogeneilty D == = = = = ; T making |
i AR : | Production simulation to meet demand | : | Calculate decision metric o ‘:
. _ : ! ! Li For each
4. Geospatial Agent-Based : o ! Apply restrictions: Budget, Spatial agentll
Modelling Framework ; o] t i Are new YES || Investment Objective, Decision te—[l " aocn |
i g. i :ste;;? : Method, Carbon Iirice, Heat density. | Region "
| 2| : : ~—-—7
i | | l Amount of pote‘ntlal new assets | :
3. Agent-based modelling Fo No investment needed | : | Commit new assets | |
AN L e e = * ___________________________ - !
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| . |
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2. Geospatial Big Data Analytics
1. Collecting and handling data 7

*RASA: ResidentiAl Spatially-resolved and temporal-explicit Agents



Global service demand, focus on space heating (hspace)

MUSE-RASA
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Global supply of service demand
_ MUSE-RASA ) GIS ) ABM )

scenarios without heat density restriction:

Global supply [EJ/y]
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Global SH supply by technology disaggregation: 2 scenarios

Scenario 07: MB, CP, HDR.
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Global SH supply by agents [EJ/y]

Global SH supply in the 6 topmost consuming agents

Motivation

CIN

Agents/consumers under a range of socio, technical and economic characteristics:
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Global emissions
GIS

(a) Global related CO2 emissions
distribution among the eight
scenarios for all end-uses.

(b) Global SH CO2 emissions profiles in
scenarios without carbon prince:
02, 04, 06, 08; and with carbon
prince: 01, 03, 05, 07.
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Transition costs and emission summary

MUSE-RASA

CIN

Values are estimated for 30 years, between 2020 and 2050.

Agent Characteristics

NZE by mid-century

Current consumption path

Reduced CAPEX Produced CAPEX Carbon
emissions under CP emissions without tax to pay
with CP without CP  CP (if)
[GtCO,] [TN USD] [GtCO,] [TN USD] [TN USD]
A3 GDPpc2, HD1, HDpc3  0.28 0.87 2.44 1.03 0.61
_ Ad GDPnc? HD?_ _HDnc3 0.21 037 1.32 0.41 0.31
| A7 GDPpc3, HD1, HDpcd  0.64 1.26 4.33 1.41 1.03
A8 GDPpc3, HD2, HDpc4  0.33 0.86 2.7 0.97 0.65
Al2 GDPpc4d, HD2, HDpc3  0.26 0.61 1.86 0.7 0.44
|Al13 GDPpc4, HD3, HDpc4  0.15 1.81 1.44 0.55 0.34

13



Levelised cost of energy - LCOE
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Global average LCOE for space heating supply by agents for a scenario with multiple
restrictions: budget restriction, heat density restriction and with/without carbon price. Results

are provided by technology disaggregation for topmost six consuming agents.
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China case study
GIS ABM

Geospatial location of agents Long-term energy planning
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China case study

MUSE-RASA

Survey-based  scenarios of  SH
technology to supply heat in Chinese
RS.

(Top) Scenario with a multi budget
system, heat density restriction and
excluding biomass-based technologies
from the analysis: a) aggregated, b)
agent-based disaggregated.

(Bottom) Scenario with a multi budget
system, heat density restriction and
including biomass-based technologies
in the analysis: c) aggregated, d) agent-
based disaggregated.

Both scenarios with carbon price
schemes.
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Ecuador case study

MUSE-RASA

2. GIS-survey-based calculations 2010-2020

1. Public available data
(a) Local: INEC, ARCONEL, BCE

(b) International: NASA MERRA2, CIESIN

longitude

3. Gridded Energy consumption drivers,

2010-2020:
(1) Population
(2) Space heating
(3) Space cooling
(4) Water heating
(5) Gross domestic product
(6) GDP per capita
(7) Human Development Index

=)

1°N -

oﬂ

1°5 | o
2°s |
3°s |
4°s |

S0W 79°W 78W T7W 76°W

4. Long-term energy planning:

404
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year

Supply, SH technology:
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. BoilerElectric
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B soierLPG

Graphical abstract of the approach conducted in Ecuador.
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India case study
MUSE-RASA GIS }

On-site survey in (a) o (b)
405 Indian heavy industries
108 iron and steel plants

I AB-IAM: MUSE
Industry Sector
I Agent-based scenarios I

CO2 savings [kt[y]

2010 2030 2050 2010 2030 2050

Natural gas uptake [P)/y]

—— capex = capex_opex = npv = opex
Agent-based scenarios comparison

Agent-based scenarios comparison for assessing fuel-switching investment
in long-term energy transitions of the India’s industry sector.

18



" (a)
Nadla casSe Stuay O
Pharma 5 Al o
M USE_RASA - s _—m—ﬂ_"'-_ :' 2 cr———
= )
& Steal % B e——
% Rafinary - —D:’— Er
— e
'E Non=Famous - — i " o
& Food Processing =—— - = .
E Cement l—'_L' —t = e
é’ Tetile - Yarn - — 4
£ a —T ] fual
la%s 1 - :
i e ¢ Biomass & CBFS © Coal & FO
pe T, | & HSD LDO & LPG © Petcoke
Esd I 8 PNG
Textile — Fabric — — —
0 50 100 150 200
Equipment size [tph]
(b)
=30
=
e,
| =4
2 201
5 § Automobile
c B Chemical
8191 I Food Processing
: ==
ee
Raigad Pune Ratnagiri Nagpur Aurangabad Palghar Nashik Mumbsai Chandrapur
Indian cities
(c) (d) (e)
T
% il -r | - ] -h equipment
% e | — 1 1= B Eoiler
i:"!Fnodemsslm h .'h ] h B rGL;'I'IlJ:B
[17]
E Pharma 4 - ] B oven
3 I I B Thermic Fluid Heater
B Avomonie] jgp e 1h B Zinc Batn

0 S50 100 150 200 0 20 40 60 80 00 05 10 15 20
Fuel consumption [kify] Equipment surveyed [#) Production capacity [Mtfy]

Rationale to select the iron-steel sub-sector as a key case study to apply the agent-based MUSE framework. In
Figure (a), A: Chemicals; B: Iron-steel; C: Food processing. Additional, PNG: Piped Natural Gas; HFO: Heavy Fuel
Oil; CBFS: Carbon Black Feed Stock; LPG: Liquefied Petroleum Gas; LDO: Light Diesel Oil. Source: on-site surveys. °



capex capex_opex no_gas npv opex
I d ' t d 30017g) (@2) @) (@) (@) e
Naia Case StUQy o =" gfl ~ oull| “oulll “og| " o
MUSE-RASA ‘U" = -.. -..l e -..l -... Lo
= -100 -100
21 (b1) (b2) (b3) I (b4) (b5) 2
o_ 11 l I -1
g= — T -.l o --..._{J
-1 k-1
az] O (c2) {c:wi I (c4) (c5) -,
§E 0.0 - T B ee—— . .. e Y | | e s o N | )
< —0.21 0.2
100 F100
O (d1) (d2) (di I (d4) (d5) I
-gg EE. PR | | p——| .. e O | | e s e _20
S 50 F-50
=100 =100
ol © (e2) (e3) I (e4) (e5) Lo
k3 1 L
8= -I.ll _— -..I ——==m --...,{J
3 W (f2) (13) I (t4) (15) ;ED
5{". -
5= ) — | o o -.ll e 1 | | s o e B |
—50 r—50
o T (@2) (3) (e%) (e5) oy
d= L St 2
SE || | sl |- e | -
o
=-501 =50
10009 (h1) (h2) (h3) I (hd) (h5) - 1000
o 500 500
0= | sum || el -I.I — T
~500 500

2010 2030 2050 2010 2030 2050 2010 2030 2050 2010 2030 2050 2010 2030 2050
B co= [l vro [l oo [l PG
Emission production and emission savings comparison of boilers on (a) CO2, (b) N20, (c) NH3, (d) NMVOC, (e)

NOx, (f) PM10, (e) PM2.5, and (f) SO2 for five scenarios (1) CAPEX-based, (2) CAPEX-OPEX-based, (3) NO-GAS-

based, (4) NPV-based, and (5) OPEX-based. The line in grey represents the total emission savings in each scenario. 2°



Conclusion — Overview

Abstracting from the real world to the RASA-MUSE model, outcomes and implications:

. 165 countries, 28 regions, 20

' Macro-environment: | :

: . agents, 8 scenarios.

| * GDP growth * Carbontax schemes (5) | Long-term transition:

| * Population growth * Productivity "« Global service demand
| « Commodity prices * Climate-energy-economy system | « Global demand supply
. Micro-environment: 71 I+ Globalfuel consumption :

- : : . 1 " 1+ Global emissions |
1 (1) Het(.?rog_enelfy.shapmgstructure |+ Global CAPEX |

N B 5 — (3) Evolution: i+ Global LCOE |
] S AR 2 spatiotemporal profiles! T $
O By TRE .+ (2) Diversity: - Policy implications:
E Emerging La;yerwithécharacteri's'tlics 8 shaping attributes h Agents/regions that drlvei
L .+ 1 theconsumption/CO, |
(4) Decision-making process: @.ﬂ() 2 . - Socioeconomics ofwhere,@
* Choice/investment objectives " H - who, how to target the
! g * Search rule (technoeconomics) . 6 y — ®® 1. | decarbonisation |
. ||« Decision strategy = ' i Costof the transition
N * Limited foresight ! ! ! |+ R&Dprioritisation |



Future work and services

Other regions: Global South and Global North

e Latin-American
e Africa

* Middle east
 China, India

Other technologies
 Hydrogen, biofuels

e Solar, wind

* Geothermal, waste to energy
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