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Webinar Overview

* Introduction to energy modelling and the role of OseMOSYS
* Introduction to the OSeMOSYS Model

» Overview
* Interfaces
* Modifications
» Applications
» Discussant on policy use of 0SeMOSYS
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Long-term Energy Modelling

Energy policy across the globe is grappling

with a set of unprecedented challenges

Securing access to energy and mitigating

climate change are key policy goals

Many complex issues require
consideration, e.g., economic growth,
resource reserves, technological
development, (climate) policies

Energy models provide essential
guantitative insights into these 21st
Century challenges

Mitigation efforts & energy system
infrastructure require long-term
planning

Models can help to gain strategic
insights while managing the various
complexities

Energy models have very different
methodologies, and are targeted at
different research questions

Energy models are built, run, critiqued
and applied by people
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desa.kth.se



0SeMOSYS — An Introduction

[ Introduction J Interfaces Modifications Applications Conclusions

ROYAL INSTITUTE
OF TECHNOLOGY

What are Energy Models?

What models are not

» A generator of research papers or consultancy funding

* A name based on a zippy acronym

* e.g., GREEN, BLUE; PRISM, CUBE; ALPHA, GAMMA, DELTA; ALBATROSS
« An anthropogenic entity with a somewhat deranged personality

A structured approach to modelling

» There will never be a universal model which will answer all questions
» Design models to answer specific research questions

« Although some complex models can contribute to a number of different research
areas

» A range of models (& model linkages) are required for any given problem

* Developing an expert/educated community of developers and users is critical
* Models of complex systems evolve through structured contact with reality

» Models are only as good as the data you have to populate / challenge them

10.12.2013 desa.kth.se
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Model Usefulnhess

« All models are wrong but some are useful”

e George Box

 Alternate version
« “Some models are right, (or at least in practice, right enough), and even the
wrong ones can still be useful”
* ‘Limited validity’ of Newtonian Physics vs. general relativity and quantum mechanics

 ‘Business-as-usual mental model’ of Shell's executives before presentations by Pierre
Wack’s team

10.12.2013 desa.kth.se
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Model Complexity

“entia non sunt multiplicanda praeter necessitatem"

"entities must not be multiplied beyond necessity"
e William of Ockham: 1288 — 1348

In modelling terms:
» Simplicity-elegance-parsimony

» Complexity as necessary

BUT energy-economic system is inherently complex

Problem drives modelling and analysis

10.12.2013 desa.kth.se
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By Pilita Clark
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Experts have “raised a host of questions” about how the European Commission’s use
of a non-transparent model could affect the energy review, according to a leaked
report by energy specialists chosen by Brussels to advise on the forthcoming “Energy
Roadmap to 2050".

America's fiscal policyis  Desperately seeking
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The economic model, known as “Primes”, is owned by

the National Technical University of Athens and is
More designed to show how using different mixes of energy
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Model Transparency 1

* “It is the [FUND model] developer's firm belief that most researchers should be locked
away in an ivory tower. Models are often quite useless in inexperienced hands, and
sometimes misleading.”

* “No one is smart enough to master in a short period what took someone else years to
develop.”

* “Not-understood models are irrelevant, half-understood models treacherous, and mis-
understood models dangerous.”

* Richard Tol

10.12.2013 desa.kth.se
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Model Transparency 2

Open source

Full documentation (online), including data
Model source code

Peer reviewed

Journal papers

Dedicated peer review

Expert user group

* Model developers and users in Government, industry, consultancies and academia
International support network
Engagement with broader stakeholders

But...

Intellectual property issues
Replicability of highly complex models
Biased (even malicious) attitudes towards energy analysis

10.12.2013 desa.kth.se
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Model Quantification

“Model for insights, not numbers”
 Hill Huntington, 1982

But decision makers don't really want insights!

e They really want numbers
* And they don'’t deal with uncertainty very well

Examples of numbers

* Resource availability (barrels, cu.m3, tonnes)

e Energy demands (GJ, MWhrs, toe)

Technology diffusion (number of units, % share)
Climate change mitigation GDP costs (billion £, %)
Investment required in power sector (million £)
Energy price increases (p/kWh, p/litre)

10.12.2013 desa.kth.se
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Where do the numbers come from?

Model derived

e IPCC AR4
* (median values) 500ppm CO2e, -50% GHG emissions by 2050
e GDP: +1 to -3%, CO2 price 50 - 200 $/tCO2

Scenarios and simple modelling

e Ofgem’s Project discovery, 2009
e £95 - £200 billion investment in UK power sector by 2020

From the ether(!)
e EU’s 20-20-20 target, by 2020
» 20% reduction in GHG emissions (from 1990 levels)
» 20% from renewable resources (final energy basis)
» 20% improvement in energy efficiency (final energy basis)

10.12.2013 desa.kth.se

11



0SeMOSYS — An Introduction

( Introduction J Interfaces Modifications Applications Conclusions

ROYAL INSTITUTE
OF TECHNOLOGY

Energy Model Typology

“PERFECT”
Energy Model
Macro CGE
economic
feedbacks
—— Econometric,

Agent based

Optimisation
(0OSeMOSYS)

Behavioural
complexity

Hourcade, J.-C., M. Jaccard,
et al. (2006). "Hybrid
Modelling: New Answers to
Old Challenges.” The Energy

Technology Journal 27(2): 1-11.
richness

'--.-->
\t
<
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0OSeMOSYS (Open Source Energy Modelling System)

4 )
» At present there exists a useful, but limited set of
accessible energy systems models. They often

require significant investments in terms of human _
i PO SCRERRER STITHT ¢
resources, training and software purchases. L‘__ = ‘ ' @IDJO
« 0OSeMOSYS is a fully fledged energy systems linear —JAEA

optimisation model, with no associated upfront
financial requirements.

'\r[ 'I'ENS AP
OCH KONST

* It extends the availability of energy modelling further e
to researchers, business analysts and government
specialists in developing countries.

o N STOCKHOLM
Z B ENVIRONMENT
M. ) L. INSTITUTE
o= AN

. . UKER
* A ,lego block structure” allows easily adding
elements. Every block consists of a plain english Knowledge Partners
describtion, the formulas, and the actual code.
\. J

10.12.2013 desa.kth.se 13
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0SeMOSYS (Open Source Energy Modelling System)

4 )
e Tool to inform the development of medium- to
long-term energy strategies

L, . MU SCRERRER NSTITOT ¢
» Deterministic linear optimisation model — ) UNIDO
RSl =7
* Demands for energy services are met by ... s
technologies which draw on resources ﬁ@%ﬁ
 Minimises the total discounted costs %::}é

e Paradigm comparable to MESSAGE or TIMES

» Integrated into LEAP lTSEI‘“_"_““”-“ .
UK .".:- -1 5 EXVIRONMENT
. : | e i ;}"_{" o INSTITUTE
« Open source -> no associated upfront financial g
requirements Knowledge Partners
» Well documented, easy to modify
\. J
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Technology Definition

» Wide and flexible.

» Any fuel use and conversion, from resource
extraction and processing to generation, transmission
and distribution and appliances.

* E.g., a coal mine, a wind farm or air-conditioning
systems.

» Any combination of input fuels to produce any
combination of output fuels.

» Defined by a set of economic, technical and
environmental parameters and policy goals.

» Technologies compete against each other in order to
minimise the overall discounted costs for society.

10.12.2013 desa.kth.se 15
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Reference Energy System (RES)

/
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\ Services
Energy carriers

Power plants (Secondary energy)

Fuel resources (Primary energy)
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Reference Energy System (RES)

_.,, » All boxes are technologies
E
. = > . 5 » Alllines are fuels
E c O e _ £ o o c
2 o T o = 3 = E c o .
TEE8 83 828 £ET E « No parameters are assigned
O Ja 9 0O w oo =Y
to fuels
IMPHCO1 —|—|—|—1{ €0t « Most parameters are
assigned to technologies
IMPURN ] | | = E21 (costs, lifetime, efficiencies,
emissions, etc.)
— | — |
-> e.g., fuel costs are defined as
ey -] — [TE] operational costs of a technology
* Non-technology parameters:
|IMPDSL1} — E70 — : TXD 'l
« Demand
[SrE G| e Emission Cons.tralnts
— —  Reserve margin, etc.
—

10.12.2013 desa.kth.se 17
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Design Features

e ™
Structured in blocks of functionality
(fig.on right)
: Reserve
Several levels of abstraction: , .
« A plain English description e -
; Capital Costs : Total
i : i g i Activity
* An algebraic formulation of the plain vy e
English description = R e |
. i . | : ] Total . l Capacity Energy Total
« The model's implementation in a : ol BN (gl el i
programmlng Ianguage uhpg;]twe \':.Ei::u- (:L?ql:'a::;y (?j::cr? Con;tal:unts Emgsious

» The application of the model

Mathematical language: Gnu MathProg
(similar to GAMS)

Solver: glpk (open-source)

\ J

10.12.2013 desa.kth.se 18
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Blocks of Functionality — Part |

Objective
To estimate the lowest NPV of an energy system to meet given demand(s) for energy

Costs
Account for the costs incurred by each technology in each year and in each region

Capacity adequacy
There must be enough capacity for each technology in order to meet its energy use or
production requirements

- Capacity adequacy A: Each time slice / Capacity adequacy B: Each year

Energy balance

Operation levels are calculated for each time slice and each year. The production, use
and demand must be feasible at each timeslice and annually

- Energy balance A: Each time slice / Energy balance B: Each year

\ J
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Blocks of Functionality — Part Il

p
Constraints

- Maximum/minimum limit on capacity of a technology allowed for a year or total
period and a region

- Maximum/minimum limit on new capacities of a technology for a year and a region

- Maximum/minimum limit on activity of a technology for a year or total period and a
region

- There must be enough capacity to provide a reserve margin (for specified
technologies)

Emissions

- The extent to which pollutants are emitted is determined by multiplying “emissions
per unit of activity” and the annual activity of a technology

10.12.2013 desa.kth.se
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OBJECTIVE
MINIMIZE 7 .s.c TotalDiscountedCost, . . (OBJ)
COSTS
TOTAL DISCOUNTED COSTS
Vesc 10AIDIscountedCost, . - = RiscountedOperatingfost, . £ DiscountedCapit
DiscountedlechnelogyEmissions PENa |t DiscountedsalvageValue, .. (TDC1)
OPERATING COSTS
Yo MariapleQperatingCost, ... = - AveragefnnualTechnologylctivityByhMode[y,t,m,r] *VariableCost, o - (1)
Vyir, AnnualVariableOperatingCost, . . = 2 ¥ariableOperatingCost, .. (OC2)
iz AnnualFixedOperatingCost, .. = TotalCapacityAnnual,. .~ FixedCost,. . oc3)
Vs OperatingCost, .. = AnnualFixedOperatingCost, ... + AnnualVariableOperatingCost,..  (0C4)
Vyas DiscountedOperatingCost,.r = OperatingCost, ../ ((1+DiscountRate, ) *(y-StartYear+0.5) (OC5)
CAPITAL COSTS
Vyas CARILAIINVESIMENT, 2.0 = CapitalCost, .. * NewCapaciny,.. . {CC1)
Vyis, DiscountedCapitallnvestment, . . = Capitallnvestment, ../ ([ 1+DiscountRate, .| * (y-StartYear)) {CC2)
10.12.2013 desa.kth.se 21
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Example of Code

# OBJECTIVE #

minimize QB TotalNEVLoest: sumiyinYEAR, tin TECHNOLOGY, rin REGION} Tota|RiscountedCosty,Lrl;

# CONSTRAINTS AND EQUATIONS #

# TOTAL DISCOUNTED CQSTS. &

5L TDC1 TotalDiscountedCostByTechnologyly in YEAR, t in TECHMNOLOGY, rin REGION}:
DiscountedOperatingCost[y,t,rl+DiscountedCapitalinvestment[y,tr] + Annua|TechnologyEmissionsPena tyy.Lrl- DiscountedsalvageValueyLrl =
TetalPiscountedCosty,Lrl;

# OPERATING CO3TS &

5L 0C1 COperatingCostsVariablefyin YEAR,| in TIMESLICE, tin TECHNOLOGY, rin REGION}: sum{m in MODE_OF_OPERATION}
AveragefnnualTechnologyActivityByMode[y,t,m,r]*VariableCost[y,t,m,r] =VariableQperatineCostly.Lrl;

5.1 OC2_OperatingCostsVariablefAnnual{y in YEAR tin TECHMNOLOGY, rin REGION}: sum {l in TIMESLICE} VarigbleOperatingCosty . t.r] =
AnnualVariableQperatingCostly.tol]

5L OC3_OperatingCostsFixedAnnual{y in YEAR L in TECHNOLCOGY, rin REGION}: TotalCapacityannual [y.Lr] *FixegCost[ywLrl =
AnnualFixedOperatingCostv.Lrl;
5.5 OC4 OperatingCostsTotalAnnual{y in YEAR Lin TECHNCQLOGY rin REGION}: AnnualFixedOperatingCost[v.Lrl+AnnualVariableOperatingCost[y.Lrl =

OperatingCostlyLrl;
£ 1. 0C5_DiscountedOperatingCostsTotalAnnual{y in YEAR, tin TECHMOLOGY, rin REGIONY: QperatineCost[w.Lrlf ([ 1+DiscountRate[Lr])*(y-

StartYear+0.5)) = DiscountedOperatingCostivLrl;
# CAPTIAL COSTS #

5L CC1_UndiscountedCapitallmvestment{y inYEAR, t in TECHNOLOGY, rin REGION}: CapitalCost[v.rr] * NewCapacity[y,t.r] = Capitallnvestment[v.L.rl;
5.1 CCZ_DiscountingCapitallnvestmentafy in YEAR, tin TECHNOLOGY, rin REGION}: Capitallnvestment[y.Lr]/ ([ 1+DiscountRate[t,r]) *(y-5tartyear) )=
DiscountedCapitallnvestmently,Lrl;

10.12.2013 desa.kth.se

22



ROYAL INSTITUTE
OF TECHNOLOGY

Introduction

0SeMOSYS — An Introduction

[ Interfaces J Modifications Applications

Conclusions

Interfaces

10.12.2013

desa.kth.se

23



0SeMOSYS — An Introduction

Introduction [ Interfaces J Modifications Applications Conclusions

ROYAL INSTITUTE
OF TECHNOLOGY

Current ways to use OSeMOSYS

 LEAP interface
» 0SeMOSYS interface (under development)
* Run an input file

 in the command prompt, e.g, using Notepad++
to write input file

« GUSEK
* Matlab

10.12.2013 desa.kth.se 24
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LEAP Interface

T L
— —

- ™
Basic Parameters - M

[ ScopE"‘fears " Default Units" Costing " Calculations" Loads "Internet " Stocks" Folders " Script Security | Optirization

-

LEAP can use OSeMOSYS, the Open Source Energy Modeling Systemn and GLPK, the GMU Linear Programming Kit
to calculate capacity expansion in SCenarios.

[¥]Include emissiens constraints

Optimization Calculations:  In Window -

GNU Linear Programming Kit: C:\Program Files (86)\LEAP2011'glpsol.exe E
Installed OK

Medel File: ChProgram Files (86)\LEAP2012405eMOSYSTermnplate TXT

| v’CIose |[ ? Help

10.12.2013 desa.kth.se
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LEAP Interface

L LEAP: optimization example complete

Area Edit View Analysis General Tree Chart Advanced Help
U] New [ Open | Save @) Backup [ Email |Q Find | Basic Params [ Fuels <@ Effects [ Units % References

Views 4+ 3HFHF =B 25 Manage Scenarios | 4@ ®) Branch: Transformation' Electricity Generation!...
=+ optimization example complete Branch: All Branches | Variable: Optimize E]| Scenario: C20: CO2 Tax 20 (=]
: -0 Key Assumptions IS],fstem Energy Load Shape "Mudule Custs"PIanning Reserve Margin | Optimize | All Variables
Analyst - Effects Optimize: Set to Yes or Mo to indicate if module capacity expansion will be optimized using 0%

(|

- Demand
H:I. = ] Branch Expression

-3 Transformation o _ _ _ o
Results L. L. ] P Electricity Generatior Yes TUses least cost capacity expansion calculations in this module.
#-3 Transmission and Distribution
ﬁ #-7 |Electricity Generation
Diagram #-) Resources

© Chart |[]] Table | (3 Builder | Notes | ¢ Help|

E% [C]Slice names [ Sort values

10.12.2013 desa.kth.se 26
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LEAP Interface

B C\Windows\system32\cmdeexe © 0 e @M

Optimizing... |

Scenario: Optimization Ho CO02 Limit

Model file: 05eMOSYS.THRT <version: 2611.11.688>
Data file: OpDatad._txt

Results file: OpReszults3d._txt

LEAP will continue when optimization calculations finish.

10.12.2013 desa.kth.se 27
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Input File - Example of Data File

set EMISSICON = CDE HNOX ;

get TECHNCLOGEY = EO01 EZ1 E31 E51 E70 IMPDSL1 IMBES5L1 IMPHCO1 IMPOIL1 IMEPURN1 BHE BHO RL1 SRE
set FUEL ;= L5V DSL ELC &5L HOD HYD LTH OIL URM BH RL TX

set YEAR = 1330 1351 1552 1353 1354 1335 135¢ 1537 1538 153545
set TIMESLICE = ID IN 5D SH WD WHN

set MODE OF OFPERATICH = 1 2

set BREEFION = TUIDFIZ ;

param FixedCost default 0 I=

[*,*, ULTOPIA]: E0O1 EZ1 E31 E51 E70 BHO EBL1 THD TEE THE :=
15350 40 500 v5 30 =30 1 S.48 52 100 48
15351 40 500 75 30 30 1 S5.4a 52 100 48

153582 40 500 75 30 30 1 S5.4a 52 100 48

15353 40 500 Y5 30 30 1 = 1 52 100 48

15354 40 500 Y5 30 30 1 = 1 52 100 48

13585 40 500 Y5 30 30 1 = 1 52 100 48

10.12.2013 desa.kth.se 28
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Input File - Example of Data File

param CutputictivityRatio default O =

[#,%,BH, 1, UTOPIA] - RHE BHO BHu:-=

1550 1 1 1

1551 1 1 1

1552 1 1 1

1353 1 1 1

1554 1 1 1

1555 1 1 1

param InputdctivityRatio default O =

[#,*,DSL, 1, UTOPIA] :  E70 BHO THD :=

1390 3.4 1.4282571429 1

1991 3.4 1.422571423% 1

1352 3.4 1.428571423 1

1993 3.4 1.4282571429 1

1994 3.4 1.422571429 1

1335 3.4 1.428571423 1
10.12.2013 desa.kth.se 29
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Example of Output File

1742 TotalAnnualCapacity (Capacity Units)
1743 Coal Biogas  Waste Peat CcC CC-new Gas Hydro Distillate Wind Qilsteam Solar
1744 2009 0.34 0 0 0347 1.422 1.137  0.3833  0.2175 0.496  1.2846 1.149 0
1745 2010 0.34 0 0 0347 1.422 1137 0.3667  0.219 0.496  1.5592 1.149 0
1746 2011 0.34 0 0 0347 1.422 1.664 0.35  0.2205 0.496  1.8338 1.149 0
1747 2012 0.34 0 0 0347 1.422 1.664  0.3333 0.222 049  2.1083 0 0
1748 2013 0.34 0 0 0347 1.422 1.664  0.3167  0.2235 0.496  2.3829 0 0
1749 2014 0.34 0 0 0347 1.422 1.664 0.3 0.225 0.496  2.6575 0 0
1750 2015 0.34 0 0 0347 1.422 1.664  0.2833  0.2265 0.496  2.9321 0 0
1751 2016 0.84  0.022  0.021  0.347 1.422 1.664 0.2667  0.228  0.496  3.2067 0 0
1752 2017 0.4 0022  0.021  0.347 1.422 1.664 0.25  0.2295 0.496  3.4813 0 0
1753 2018 0.84  0.022  0.021  0.347 1.422 1.664  0.2333 0.231 0496  3.7558 0 0
1754 2019 0.84 0022  0.021  0.347 1.422 1.664  0.2167  0.2325 0.496  4.0304 0 0
1755 2020 0.84  0.022  0.021  0.347 1.422 1.664 0.2 0234 0496  4.305 0 0
1756 2021 0.24  0.022  0.021  0.347 1.422 1.664 0.2 0234 0496  4.2986 0 0
1757 2022 0.84 0022  0.021  0.347 1.422 1.664 0.2 0234 0496 4.2658 0 0
1758 2023 0.84 0022  0.021  0.347 1.422 1.664 0.2 0.23 0.496  4.241 0 0
1759 2024 0.84  0.022  0.021  0.347 1.422 1.664 0.2 0215 0.496  4.2335 0 0
1760 2025 0.535 0.022 0021  0.347 1.422 1.664 0.2 0215 0.496  4.1867 0 0
1761 2026 0.23 0.022 0021  0.347 1.422  2.05491 0.2  0.215 0.497379 4.27409 0 0
M 4 » M| SelectedResults -~ ¥J [Qaf m |

10.12.2013 desa.kth.se 30
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Input File (1) — Command Prompt

Zommand
Prompt

@& Command Prompt l"':-"EI |‘H

E:‘-..LlsErs‘melsch‘-..[)esl-:tup‘-..bin}gﬁsul -m GEEH]STS_EEH_]I_EEII‘I: -d UTOPIA 2811 11 .
@8.txt -0 results.txt

10.12.2013 desa.kth.se 31
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Input File (1) — Command Prompt

B Command Prompt - — —

o5 S

C:wUsersiwelschyDesktopibin:glpsol -m O05eMO

B8.txt -0 results.txt

GLPSOL: GLPK LP/MIP Solver, v4.46

Parameter(s) specified in the command line:
-m 05eMOSY5_2811_11 @8.txt -d UTOPIA_2811_

0SeMOSYs_2811 11 88.twxt:6815: warning: final
515 lines were read

Reading data section from UTOPIA_Z2811_11_ 88
968 lines were read

Generating cost...

Generating EQ_SpecifiedDemand. ..

Generating 51_StorageCharge...

Generating 52_StorageDischarge. ..
Generating 53_NetStorageCharge. ..
Generating 54_StoragelevelatInflection. ..

Reading model section from DSEMGSYS_EEll_llll

S¥s_2811_11_@8.txt -d UTOPIA_ 2811 _11_ A|

Generating EY9_ModelPeriodEmissicnsLimit. ..
Model has been successftully generated

GLPK Simplex Optimizer, v4.46

291855 rows, 293773 columns, 661831 non-zeros

Preprocessing. ..
Fl22663 rows, 23895 columns, 61988 non-zeros
Jlscaling. ..
A: min|aij| = 1.e@@e-885 max|aij| = 1.e8@=+885 ratioc = 1.088:+210
[hfeM: min|aij| = 1.727e-881 max|aij| = 5.798=+2808 ratioc = 3.352e+281
EQ: min|aij| = 3.824e-882 max|aij| = 1.086e+888 ratio = 3.387e+801

Constructing initial basis...
Size of triangular part = 28397

@: obj = 8.383416378e+882 infeas = 6.623e+883 (2266)

Se@: obj = 1.3697843972+883 infeas = 4.207e+883 (2266)
leea: obj = 1.868863782e+883 infeas = 4.125=+883 (2266)
1528: obj = 4.65381899291e+883 infeas = 3.891e+8083 (2265)
2@08: obj = 1.218814591e+884 infeas = 3.856e+883 (2263)

* 2368: obj = 4.849284359:+884 infeas = 7.872e-813 (2263)
* 2588: cbj = 3.885622352e+884 infeas = 5.856e-813 (2257)
*  3@@8: obj = 2.718891@21e+884 infeas = 3.472e-913 (2255)
* 3588: obj = 2.662935455e+884 infeas = 3.866e-813 (2255)
* 3724: gbj = 2.6629354542+884 infeas = 3.48%e-813 (2255)

IOPTIMAL SOLUTION FOUND

Time used: 3.3 secs

Memory used: 491.5 Mb (515482524 bytes)
Model has been successfully processed
Writing basic solution to “results.txt'...

C:\Usersiwelsch'\Desktop'bin®

m

1
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Input File (2) — GUSEK

Integrated development environment, combines solver (glpk) and editor, freely available

"" E=naa x|

@ ChUsers\welsch\Documents\04 Papers\07 Short-term constraints\Models\02_Models\02_BAU - Wind Target\model.mod - Gusek [2 of 2] v

| File | Edit Search View Tools Options Language Buffers Help

ES FRERECET IR BRI

1 model.dat| 2 model.mod

# ISEMOSYS 2017 06 01 » |=C:iUsersiwelschDocuments' 03 Modelling 0SeMOSYShgusek_0- .
1 h- O”E'"'O”V”—E”le—”ﬁ—”ll—aEw‘ " |GLPSOL: GLPK LP/MIP Solver, w4.45 |
2 # Open Source energy Modeling 5¥ Stem |E| Parameter (s) specified in the command line:
3 1 u --cover --clique --gomory --mir -m model.mod -d C:\User:
Reading model section from model.mod...
4 # Main changes to previous version OQSEMOSYS_2011 11 08 model.mod: 715: warning: final ML missing before end of
. 715 Tines were read
5 # - Introduced trade between regions Reading data section from C:\Users\welsch\Documentsh04 Pi
6 # - Introduced modelling of technology additions in predefined blocks of ‘capacity 1819 lines were read
7 i - Introduced madelling of variability in-generation g:ﬂ:,’::g%ﬂg Egig;-:é'ciﬁedl:)emand._. .
8 it - Improved storage modelling to better verify if storge levels-are within their limits-and allow 05eMOSYS5 to investigate if Generating CAal_TotalMewCapacity...
. hould be added Generating CAaz_TotalAnnualCapacity... E
new storage capacities shou s Generating CAa3_TotalActivityOofEachTechnology. ..
9 # - Reduced number of equations created, removed obsolete parameter definitions and changed file-extensions for better use Generating CAa4 Constraint _Capacity...
. Generating CAbli_PlannedMaintenance...
with-GUSEK. Generating EBal_RateofFuelProductioni...
10 # Generating EBaz_Rate0fFuelProductionz...
Generating EBa3_Rate0ofruelProduction3...
11 # ===================-===-=-------oooooooDoToooooToooooTTooooooDoSooooIDoooooDDoos Generating EBa4_RateofFueluUsel...
12 = Generating EBa5_RateOfFuelUsez...
Generating EBa6_RateofFueluse3...
13 # - Copyright [2010-2012] [05eMOS5Y 5 Forum steering committee see: www.osemosys.org] Generating EBa7_EnergyBalanceEachTsi...
14 - Generating EEas_EnergyBalanceEachTsz... | &
Generating EEa’_EnergyBalanceEachTs3...
15 #  Licensed under-the Apache License, Version 2.0-(the "License"): Generating EBal0_EnergyBalanceEachTs4. ..
I . . . . Generating EBall_EnergyBalanceEachTss. ..
16 #you may not use this file except in compliance with the License. Generating EBbL_EnergyBalanceEachveari. ..
17 # You'may obtaina copy of the License at Generating EBbz_EnergyBalanceEachyearz...
Generating EEb3_EnergyBalanceEachyears3...
18 # Generating EEb4_EnergyBalanceeachyeard...
19 # hit+p:/ /www.apache.org/licenses/L ICENSE-2.0 Generating Accl_FuelProductionByTechnology. ..
Generating AccZ_FueluseByTechnology...
20 # Generating Acc3_AverageAhnualRate0fActivity...
i i i i Generating Acc4_ModelPeriodCostByRegion...
21 # - Unless required by applicable law-or-agreed to-in writing, software Conerating SI Ratectstoragechargm
22 # - distributed under the License is distributed on-an "AS IS" BASIS, Generating Sz_RateofstorageDischarge...
: : ; Generating S3_NetChargewithinvear...
23 it WITHOUT WARFANj'IES Ol_l CQNDI'ITONS OF - ANY-KIND, a|thzr express or-implied. Generating S4_NetChargewithimDay. ..
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Input File (3) — Matlab

 Commercial software
» Certain processes can be automised
* (e.g., drawing graphs,
e comparing data
e Scenario management (e.g., saving input and output files in a scenario folder)

4\ MATLAB R20115 [ S . . - . L D

File Edit Debug Parallel Desktop Window Help

1 U (] ! & By E ) | h Iﬁ % ! Q’) | Current Folder:| C\Users\welsch'\Documentsi04 Papers\(7 Short-term constraints\Models A E] &
Shortcuts (2] How to Add (8] What's New
Current Folder w 00 A X |Command 8 Workspace Gl Sl
o« Models » | O E B~ T Mew to MATLAB? Watch this Video, see Demos, or read Getting Started. X E @ {E] Eﬁ ﬁ |i@ Select datat.. -
Name: »>>» load('input.mat"') Mame =« Yalue
® | 00_old Matlab files fg >> oseuosys| input <1 struct>
[E2] 01_glpk
£ 02_Models
[E3] 03 Some IEW stuff
= Irish LEAP medel
2] James
Swedish LEAP starter model
2] unused
-EJ compileGLPK.m
-’EJ DeleteEmptyRows.m
7 DeleteRowsWithDifferentStrinaValues.m
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Input File (3) — Matlab

&anctiun cutput = compileglpk(glpkFolder, modelFolder, scenarioFolder)

ocutput.paths.curFolder = pwd:

output.paths.glpkFolder = strcat (output.paths.curFolder, file=sep, glpkFolder):
ocutput.paths.modFolder = strcat (output.paths.curFolder, filesep, modelFolder) !
ocutput..paths.modFolder.scen = strcat (output.paths .modFolder, filesep, =scenarioFolder);

output .model .name = "model"';

GLPEmodel = strcat (output.paths.modFolder.scen, filesep, output.model .name, '.mod');
GLPEdata = strecat (output.paths.modFolder.=scen, file=zep, output.model .name, ".dat'):
% GLPEout = strcat(output.paths.modFolder.scen, ileszep, ocutput.model .name, ".out');

glp=sol = strcat (output.paths.glpkFolder, filesep, 'glpsol.exe'):

% cmpdlisme—— | glp=ol " -m "', GLPEmodel, '™ - ; OLHEE " —-g "', GLPEout,'"™']
cdLine = [""" glpsol """ -m "', GLPEmodel, """ -d "', GLPEdata,'"™']
dLine) ;
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Input File (3) — Matlab

300

250

200

-
[hy ]
=

__5 Capacity

2025
Years

2035 2040
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Facts & Figures

In 2012, renewable energy (RE) sources
contributed 70% to all electricity capacity

additions in the EU. US blueprint for a secure

energy future: By 2035, 80%
from clean energy sources
RE generation may triple until 2035

(IEA's New Policies Scenario). By 2050, the EU intends to

reduce GHG emissions by 80% —
95% below 1990 levels.

» Variable RE sources add to overall fluctuations between supply and demand.

* This requires increasingly flexible power systems.
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Integration of Short-term Dynamics into Long-term Models

Long-term energy system models cannot
incorporate daily operation of power plants

Related short term constraints may significantly
impact longer term investments

But constraints like ramping rates, start-up
costs, minimum stable generation, etc., are

usually not considered

0SeMOSYS was enhanced to capture the
impacts of variability on system adequacy and

security requirements

System adequacy: Endogenous calculation of
capacity credit by 0SeMOSYS

£

i
)
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System Security — Operating Reserve

 Primary & secondary, upward & downward

reserve ,

 Specific reserve contributions based on ramping .
rates can be defined for any technology, also é‘“r — E
demand-side Ly I

e Minimum stable generation levels considered —_——

* Minimum level of spinning reserve can be

defined N -
e Cycling constraints: changes of online capacity » gEERg] mocef
- fi i ‘ DO CCGT-pl
and generation from one time slice to another o mccer
. * BARRRRES

W Nuclear

can be limited

40 - Coal

* No mixed-integer programming introduced

-60

-80
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Irish Case Study - Background

o Comparative UCC study linking TIMES & PLEXOS

* Modelled Irelands 40% RE generation target for
2020

o Set up OSeMOSYS in a similar fashion as lIrish
TIMES model (12 time slices)

* Added detail taken from the PLEXOS model
(8760 time slices), but maintained 12 time slices

o Compared results with TIMES-PLEXOS

* Publication: Deane, J.P., Chiodi, A., Gargiulo,
M., O Gallachéir, B.P., 2012. Soft-linking of a
power systems model to an energy systems
model. Energy 42, 303-312.

Eemy4:

) 303-30

Contants fists awailable at SciVerss ScienceDimat

journal homepage: www.slsev

Energy

r.com/flocate

Soft-linking of a power systems model to an energy systems model

1P. Deane®™*! Alessandro Chiodi *™!, Maurizio Gargluln"b‘ Brian P. O Gallachéir *®

ity Callage Gk, Cark, dreland

ARTICLE INFO ABSTRACT

In his per we present @ soft-linking methodolagy that emplays detailal simulation auguts fom
a2 dedicated prwer systemm model to gain insights and undersianding af the generafion clearicty plant
partfalia results fr the elesricity sedor from 2 s=parse energy sysiems model We apply the
methodoiogy and present and discuss the resuirs. The motivation for this saft-linking is ta provide
atranser af infarmation fram the power systems made] strang paints to the energy systems madel and
use thisinformation o improve and develo pund erstanding of mergy systems lrndel results. Part of this
o tiation i derived from 2 view that
full energy system in great detail and gresier imsights and proge
stwengths of multiple modeling tools rather than trying ta incomporat= them allinin ane @mprehensive
model The mathodalagy take

gy madeling toal t I aspectzafthe
=z cn :e,med ty drawing on the

- an aptimired generation portfolio far 2 specific year fam an energy

systems medel and undertake: 2 detailed high resolution chrmalogical simulation of the sane partialio

in the power sy stems model with added degrees of technical detil Results presented here show tha

the drience of ey echrical careiraints, an energy my ke madel can patentally undervahe: Nexble
resounEs, inderestmae wind curaiment and overesimate the s of aseload plan

© X012 Elsevier Lal_ All rights reserved

L Introduction

Mothated by the need i reduce 00z emissions many European
and Clobal governments huve developed or are developing ad-
maps and strategies 1o low carbon emnomies by the year 2050
1—3]. The year 2050 is en s 4 key year and much

systems out tothis year. Energy systems m
tachnologies capable of having the greatest impact ¢ -
sions and highlights technologies which patentially dlel the
«d firancial risk in the face of a range of possible
rics. Wiile 3 large range of ded icated energy
systems models exist |4] they generally concur that relative 1o
levels. increased levels of mm.ﬂ.le- energy .mg with

will be required arder 1

57

| wind powss
capadty inalled by ¢ of 2008 was capable of g
mughly 18% of worldwide eleciricly demand and that

p—

S800f5 - smetl
85T 1016 e gy 20

0D Brevier Lrd. Al righe: rewred

comntribistion

ould grow 1o in excess of 20% by 2050 |8 . The power
wes surounding the stochastic nature of wind,
s into electrical grids have been well

documented |8—11] Greate
require power systems 1o be
bow sultable power systes

energy,
made! the high
miorialion with the

Invarkimirecks s arvund e world uwumu,uwu.mw and
al dedicated power syste
es, are used Lo

undertake these types of

capturing the temporal variat

power system on ash

and AC) are also utilized

power integration bui i
W

analyse network impacts of wind
hese are ot the Bcus of this paper

le power systems and ensrgy syst norde s both ddress
the ing of complex sy ntally different
in their focus and application. Power systems models focus solely
o the lecirical power system and sometimes the £1s network bt
do not consider the rest of the e 1. The primary inputs
are genemally e ng electricity load. fuel
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Irish Test Case — Results for 2020

12 0SeMOSYS Simple

it B 0SeMOSYS 70% Wind
B TIMES-PLEXOS Simple
[ 0SeMOSYS Enhanced

TIMES-PLEXOS Enhanced

2 | Ij|

Gas Coal Peat Distillate Wind Storage

Generation [TWh]
()]

CCh

CC-new

Annual generation of the modelled power plant types
0OSeMOSYS results in shades of green, TIMES-PLEXOS results in shades of blue.
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12 0SeMOSYS Simple
10 B 0SeMOSYS 70% Wind
B TIMES-PLEXOS Simple
< 3
E 1 0OSeMOSYS Enhanced
Absolute Diffe 05eMOSYS  05eMOSYS TIMES-PLEXOS  05eMOSYS
ute Difference simple 70% Wind Simple Enhanced
[TWh/a] 6.4 5.3 29 15
[*a of Yearly Generation] 21.4% 17 6% 8 7% 5.0%
2 I N _ N
8 3
<
Q
Q
Gas Coal Peat Distillate Wind Storage
Annual generation of the modelled power plant types
0OSeMOSYS results in shades of green, TIMES-PLEXOS results in shades of blue.
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Irish Test Case — Results for 2050

Deviation of capacities, discounted costs and emissions from enhanced OSeMOSYS model

05eMO5Y55imple

Unit

2020 2025 2030 2035 2040 2045 2050

Total capacity % 0.0 40 46 3.8 3.3 -2.1
E " = =

| Plant capacity deviations| 0.0 40 17.4 203 15.1 19
Capacity 05eMO5YS5 Enhanced
Discounted costs % 2.0 40.5 -11.3 -4.0 -5.8 -215
Emissions % -1.3 -7.6 -14.4 -5.4 0.0 0.0 0.0
05e MOSYS 70% Wind Unit 2020 2025 2030 2035 2040 2045 2050
Total capacity %o 0.0 0.0 -1.4 -1.3 -12 -6.4 -7.8
E » " u

| Plant capacity deviations | 0.0 0.0 73 128 94 141 130
Capacity 05eMOS5Y5 Enhanced
Discounted costs % -23 -1.9 -0.2 -3.0 -1 -15.2 -3.9
Emissions S 35 0.3 -1.3 2.5 0.0 0.0 0.0
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Conclusions

Long-term models which omit short-term constraints:
Need for flexible power systems may be underestimated ->
potentially skewed insights for policy development.

Soft-linking: two separate models required; no overall optimisation
across the two models -> identified capacity investments may not
present the economically most efficient pathway.

Integrating operational aspects into the long-term models:
95.0% of dispatch results of enhanced 0SeMOSYS model matched those
of an interlinked model with a 700 times higher temporal resolution.
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Publications

e M. Welsch, M. Howells, M. Hesamzadeh, B. O _ . ]I -
Gallachéir, P. Deane, N. Strachan, et al. =3 N T -
Supporting Security and Adequacy in Future ———
Energy Systems — The need to enhance long- M, e b e e 0
term energy system models to better treat ? =
issues related to variability. Revisions
submitted.

« M. Welsch, P. Deane, F. Rogan., M. Howells, B. O
Gallachoir, H.H. Rogner, et al. Incorporating
Flexiblity Requirements into Long-term
Models — A Case Study on High Levels of
Renewable Electricity Penetration in Ireland.
Submitted.

e che Do aficle = wei a Weih M, =, cEmwan of Gmal (o  Eabusciy B QSMIEYS (Opes Saee ey
[Ty p——— u[na-ﬂh&umshﬂmn
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Publications

e M. Welsch, M. Howells, M. Bazilian, J. DeCarolis, S. R
Hermann, H.H. Rogner. Modelling Elements of e P
Smart Grids — Enhancing the OSeMOSYS S
. Modelling elemELlcs of Smart Grids — Enhancing the 0SeMOSYS (Open Source
(Open Source Energy Modelling System) By MR M) (-

ML Welsch *=, M. Howells®, M. Bazilian ® | DeCamdis®, 5. Hermann %, HH Rogner®

code. Energy 46 (1), pp. 337-350, 2012. S,

ARTICLE INTQ ABSTRACT
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Global CLEWs MODEL - C. Taliotis, M. Weirich (KTH)

Developed in OSeMOSYS in collaboration with UNDESA

Aim

* Provide a transparent tool that facilitates the assessment of various policy pathways
associated with integrated resource management and keeps sustainable
development as an overarching theme.

Objectives

 Served as input to UN Sustainable Development Report

o Simplified testing ground for policies

« Trade-offs and synergies between CLEW and materials sectors

o @ KTH - dESA

(l(‘\'l‘ll)p‘\ a novel .l]!]"n.u'll to tackle

J

Climate, Land, Encrgy and Water
interlinkages (CLEWS)
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Global CLEWs MODEL - C. Taliotis, M. Weirich (KTH)

Resource Resource R FinaI,Eger.ou-L-—-‘L\
Availability Imports/Exports 1 Cco _ \
- A . _i:\ Heating ,,‘
Extraction -~ — L
—-3(7 Power Energy
- === ARY £ | Trano Production _ASESQNDARY == rvices _
\ s ==77  ENBRGY - - s LDEMANDS FOR
N - ~s
Natural . CARRIERS AND e ) CES
Gas Fertilizer % I Construction y
’l
. o _—ﬂﬁt_lg_n_s_ - T~ SN I
h-_—’, ,” \\\ o, r
/' Water for \ iﬁ:l N
\ Irrigation —— Food ]
P?’u\ g _ Wate\ /l
N == T o é—--_———’l
¢T 4 E } . \\\ ¢T
PROXIES FOR CYCLIC SYSTEy_  E/MISSIONS _dssions Tracking)

‘~-————

The OSeMOSYS model, along with a generic database will be fully open-source
TRANSPARENCY — ACCESSIBILITY — COLLABORATION — SCALABILITY
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Assessing the climate vulnerability of the African continent — Mark Howells (KTH)

Key Actors
Commissioning Institution: The World Bank (WB)
Leading Partner Institutions: Stockholm Environment Institute (SEI)
The RAND Corporation
Objectives

» Study the interactions of a constrained and aging system under future climate
uncertainties

* Quantified network infrastructure performance for 4 Power Pools and 7 Water Basins to
enable identification of Robust Adaptation strategies

* Integration of water and energy modelling efforts

Work Progress
« 0SeMOSYS model of South African Power Pool
* Includes 12 countries; > 620 technologies; > 120 fuels; 48 characteristic time periods
for each year; Modelling horizon: up until 2050
» ‘Detailed’ hydro availability representation
» Multiple scenarios showing (a) the impact of reduced hydro availability as compared to
a baseline scenario and (b) as compared to a low Gl baseline
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Sweden Energy Model — Nawfal Saadi (KTH)

* Electricity and heat systems from * Open source — from data to code
resource extraction to final use.  Bridging the gap between science and policy
- Energy demand of all sectors including < Inspired by the success of the DECC 2050
residential, industry, agriculture, Pathways Calculator(link)
commercial, services and transport.

« Assessment of energy system’s
economical and environmental costs
from 2010-2050

BAU scenario - electricity production by technology BAU Scenario - Heat generation by technology
600 ® Wind Onshore
¥ Wind Onshore

m 0l GT

> -

m Qil Heat only

Solar ZZ m Oil CHP
= = Natural Gas GT » #% Qil CHP Industry
5 m Qil CHP = : % Natural Gas CHP Industry
B 150
E # Natural Gas CHP Industry s = Natural Gas CHP
o y = m Natural Gas Heat Only
= = 0il CHP Industry g
= = m Coal Heat Only
£ = Coal 100 m Municipal Waste CHP
E = Natural Gas CHP & Municipal Waste Heat Only
- B Municipal Waste CHP = Heat pumps
Biomass CHP Biomass Heat Only
s0
Biomas CHP Industry Biomas CHP Industry
Biomass CHP
m Nuclear
I I I I N N N N T R N S S Y W Hydro
L e A A A VA VA M e I e M)
FTETFTTTIIITIIIFTSTFTFTS TS TS ETFFES

wwwwwwwwwwwwwwwwwwww
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This is the DECC 2050 Pathways calculator. Click to find out more.

UK energy demand UK energy supply
TWh'vr offinal ensrgy TWh'vr of primery ensrgy
4000 4000
3000 3000
2000 2000
1000 1000
o 1010 ¢ 1010 030
Diomastic transpert behaviour - P Nuclezr power stztions PR
Thift to zero smizzion tranzport | FEE O power stztions PR
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Electric vehicles and related smart controls — Fabrizio Fattori (University of Pavia)

In order to consider:

« Additional load on the grid (thus a
different capacity need, different
emission factor, etc.)

» Benefits of smart charging (mainly
avoiding additional peaks, improving
emission factor, etc.)

» Benefits of vehicle-to-grid (mainly
serving the grid with reserve backup
service)

» Investment and operational costs or
the long term

With smart charging (SCH) t With vehicle-to-grid (V2G) t
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Electric vehicles and related smart controls — Fabrizio Fattori (University of Pavia)

Implementation in OSeMOSYS Some results
. i p/y  Chargingfacilities capacity
* The basic modeling structure was used I
* Some specific equations and parameters were added and 12 2 pscH
apply only to electric vehicles and related intelligent 10 | mPUCH
controls ] WPV26
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Implementing Big Hydro — Taco Niet (British Columbia Institute of Technology)

——— _.-l IS
\r\ | *
Q-lfm 5t John
. ’I“\Wm
British Columbia

o~

e Grid Interconnection Group

 Models of Alberta, BC System
 Implemented Big Hydro in OSeMOSYS
» Looking at effects of load/time groupings
e -> Cascading hyrdo power

Williston Reservoir
watershed Boundry

| —
DinosaurReservoir
Watershed Area

The Peace/Williston Fish and Wildlife Compensation Proram’.
[Online]. Available: http://www.bchydro.com/pwcp/program.html.
[Accessed: 05-Mar-2013].
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Net metering in South Africa — Bryce McCall (University of Cape Town)

Objective: to understand how net metering of
solar rooftop PV may affect the electricity
investments in South Africa

Created an energy model of the electricity
sector using OSeMOSYS and data from South
African TIMES model (SATIM) from the ERC

Notes on OSeMOSYS usage

* Required several new parameters involving
production limits.

 Very easy to learn and understand how
0SeMOSYS works and how to add new

30
25
20
GW 15
10

Gas closed
cycle

B REF
mLOW
mEHIGH

Gas Open Super-critical Solar tower

cycle

coal

12hr storage

parameters, especially for anyone
experienced in coding or programming.

* Interface would greatly improve the user-
friendliness of 0SeMOSYS
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0OSeMOSYS (Open Source Energy Modelling System)

( )
« OSeMOSYS is a fully fledged energy systems linear
optimisation model, with no associated upfront

financial requirements. ML SCREREER ||~; i i p ﬁ@\‘h

* It is (comparatively) easy to adjust the model to |,_
, : IAEA
anyone’s particular needs! ettt e

* Itis a collaborative effort -> join in!
H%
e For further information and downloads, visit %i‘:::::

WWW.0SEMOSYS.0rg

STOCKHOLM
ENVIRONMENT
INSTITUTE

Knowledge Partners
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Thank you for your attention
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