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Evolution of Energy Modeling

1950 :energy sector models

1973 :Oil crisis = energy-economy models

1979 : 1. World Climate Conference

= energy-environment models

1992 :UNFCCC

= energy-economy-environment models

v o . e . . th i
© Prof. G.Kumbaroglu, Bogazigi University ST IAEE Summer SChS’SI'yCz%'rl‘g



Bottom-Up Energy Systems Modeling

WWW.IAEE.ORG

Major Approaches in Energy Policy Modeling

TOP-DOWN:

Top-down models are aggregate models of the entire macroeconomy that draw on analysis
of historical trends and relationships to predict the large-scale interactions between the

sectors of the economy, esp. between the energy sector and the rest of the economy.

(AR3: IPCC, 2001)

Top-down studies assess the economy-wide potential of mitigation options. They use
globally consistent frameworks and aggregated information about mitigation options and

capture macro-economic and market feedbacks.

(AR4: IPCC, 2007)
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Major Approaches in Energy Policy Modeling

BOTTOM-UP:

Bottom-up models incorporate detailed studies of the engineering costs of a wide range of
available and forecast technologies, and describe energy consumption in great detail. (AR3;
IPCC, 2001)

Bottom-up studies are based on assessment of mitigation options, emphasizing specific

technologies and regulations. They are typically sectoral studies taking the macro-economy as
unchanged.

(AR4: IPCC, 2007)
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Major Approaches in Energy Policy Modeling

Bottom-up and top-down models have become more similar since the 3 AR as top-down models
have incorporated more technological mitigation options and bottom-up models have incorporated

more macroeconomic and market feedbacks as well as adopting barrier analysis into their model

Structures.

(IPCC - 4t AR, 2007)
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Main Techniques

Top-

Down
Modeling _
Disaggregate
Economic
Equilibrium )
Aggregate Economic \
Equilibrium Equilibrium  Find z, w, v
Max. (or min.) f(x) Optir_num >‘ Seeking Subjectto F(z)-w+v=0
Subjfct to Seeking < Modeling | SZISLi,WZO,V%O
Igix))(;g Modeling w(z-)=0,v(u-z)=0
o Energy Sector Energy Sector
Optimization Equilibrium

Bottom-Up Modeling
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Main Techniques

Energy Sector Optimization Energy Sector Equilibrium
Minimize 2, c; X Find p=(py, - P,)
Subject to Subject to
e,(p) =0
S (Ue)x <t i=1,..,n '
2 %= D k=1,...m €(p) =0
e(p) = D;;(p) - Si(p)
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Main Techniques

Aggregate Economic Disa_g_gre_gate Economic
Equilibrium Equilibrium
Maximize U = u(C) Consumers: U. = u(C,)
Subjectto Y =1(E, K, L, ...) Producers: Y, =f (K, L, ...)
GDP=C+1+X-M Y=yaY, +C
| J | |
Y =GbP+EC GDP =3 (Ci+ 1+ %= M,)
E =[a] [Z]
EC =[b] [Z]
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Classification of Selected Models

Energy Sector Optimization Energy Sector Equilibrium
EFOM PERSEUS ~ GEMINIWATEMS
MARKAL PERSEUS-GWI . ERB WATEMS-GDL
TIMES ICF
Aggr. Econ. Equilibrium . Disaggr. Econ. Equilibrium
MIS MARKAL-MACRO | MOBI-DK WARM
RICE GMM . GOULDER DREAM
IIAM MERGE . PESTES NEWAGE
CETA MERGE-ETL - w GEM E-3
ENVEES . MULT] SCREEN

. GTAP-E CETM
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Energy Networks

i) Conversion of Energy from Source to Final Demand
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Modeling Network Flow

The MCNF Formulation

Minimize cC X

S.to Mx=Db
0<x<u

5t |JAEE Summer School China

© Prof. G.Kumbaroglu, Bogazigi University July 2019



Bottom-Up Energy Systems Modeling

WWW.IAEE.ORG

Modeling Network Flow

The MCNF Formulation

Minimize E E Xij X Cij
i JE!
E X~ E Xji = Db;
j j

0< xi,j < ui,j
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Modeling Network Flow

Ex.: An oil distributor pumps oil at two locations 1 and 2, then ships it through a distribution network
as shown below to refineries at locations 5 and 6. The well in location 1 and 2 pump150 b/d and
200 b/d respectively. Demand in each of the consumer locations is 175 b/d. The shipment costs (in

$/b) are as follows: ¢,5=8, ¢,,=6, C,3=9, C,,=11, C3s=21, C4,=18, C,s=22, C,=15.

bs

b,

b, / bg
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Modeling Energy Production/Consumption

Minimize cC X 1Wmee§:§: Xij X tC; j
i JE!
S.to Mx=Dhb
Xij T /o X = 0
0<x<u J J

How does the generic MCNF formulation change ?
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Modeling Energy Production/Consumption

EXx.: energy network with two primary energy carriers and one final demand

distillate

crude oil - O

gasoline

O%

/ i
_ distillate Cys

crude oil

— @ (N— ©

cj: costs incurred in operating activity (i,j), calculated per unit of energy at node i
e;: thermal efficiency of activity (i,j), calculated as energy content of one unit of output per energy content of one unit of input
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Modeling Energy Production/Consumption
How does the generic MCNF formulation change ?

Minimize cC X

S.to Mx=Db
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Modeling Energy Production/Consumption

Ex.:

X13

Fl
u, | O
0.9
u, | O
\0

unit costs —> 4.5

X23 Xo4 X35 X45

0 0 0 0\
-1 -1 0 0
0.8 0 -1 0

0 0.9 0 -1

0 0 0.6 0.6

6 6 19 12/

distillate

BN %O

crude oil :

Cx3

crude oil

distillate

ka5

Coy

[N— @
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supply & demand

l

=-200

>-80

=0

=0

=120

Cas

e
€45

Cys

Minimize cC X

S.to Mx>b

x>0

gasoline
—
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The MARKAL Model
A Simplified Reference Energy System: The MARKAL Example

Refining Transmission -
Resource . Utilizing
. and Transport  Conversion and . End Use
Extraction . . Device
Conversion Distribution
FRenewables
Misc. Electric
Nuclear Aluminum
ron and Steel
Coa Agriculture
Air Conditioning
Space and Water Heat
Natural Gas
Process Heal
Crude Qi Petrochemicals
Domestic Automobile

> Bus, Truck Rail and Ship

Source: http://lwww.gams.com/presentations/orO1/marcal.pdf
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The MARKAL Model

Main elements of the MARKAL Model

* Primary energy sources that represent methods of acquiring various
energy carriers;

Demand

* Ener rvi man hat repr nt the ener rvi which )
ergy service demands that represent the energy services C technologies

must be satisfied by the system;

- Technologies that either transform an energy carrier to another form or —  Process

into a useful energy service; technologies
« Commodities consisting of energy carriers, energy services and Conversion
emissions that are either produced or consumed by the energy sources, technologies

technologies and demands.

5t |JAEE Summer School China

© Prof. G.Kumbaroglu, Bogazigi University July 2019



Bottom-Up Energy Systems Modeling

The MARKAL Model

Technology Relations in the MARKAL Model

RESOURCE
TECHNOLOGIES

Imports
Extraction
Renewable
Exports

Primary
energy supply

PROCESS
TECHNOLOGIES

»

Power Plants
Refineries
Others

Energy Supply
A .

END-USE
TECHNOLOGIES

Primary energy supply

»

Agriculture
Residential

Useful Energy

WWW.IAEE.ORG

DEMAND FOR ENERGY
SERVICES

Service

Industry
Final
TranspoT S

A
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Agriculture
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The MARKAL Model

A Simplified Reference Energy System of the MARKAL Model

Bottom-Up Energy Systems Modeling

IAEL

Primary Energy | | Conversion & Process
Sources Technologies

Final Energy Final Demand
Carriers Technologies

Demand Sectors

Combustion/CHP

1GCC /CHP

Polygeneration

Liquefaction
Coal Wash & Coke
Natural gas
Heat plants
) Oil refining
Uranium
Fuelcells/CHP
Blomass Hydrogen Production
Geothermal Ethanol Production
Gasification
Hydro
1 Nuclearpower
Solar Geothermalpower
Hydro power
Wind
Solar power

Wind turbine

e

2 W

A 1‘ ‘ )\\ M\ TVs, Washing machines, etc.
i (- A

High Temperature Heat

=

Low Temperature Heat

Motor Technologies

A

W

Space Heaters (Various boilers,...)

B

Air Conditioners

A
)

Industry

Iron-Steel Chemical
Paper Glass
Cement
Non-ferrousMetal

Textile Tobacco
Autom otive

Electronics Minerals
Radio, TV

Electronics

Other m otor

Machinery equipment
Furniture

Office equipment& PC

Al ‘/" [

N
W

Other Industry

y
Y /‘;":‘ Ovens, cookers
AL
[

vl"r‘" | WaterHeaters {Cattles, ...}

R
'/ \‘\‘ Light bulb, Fluorescent etc.

/

9

4
VAL

Computers, Copying mach., etc.

Service
Accomodation
Education
Health
Wholesale
Retail
OtherServices

=Cooking, Space Heating,
Space Cooling, Water
Heating, Water Coaling,
Lightning, Freezing, Other

‘, \
«\\l Cars, Busses, Trucks, etc.
A

Residential

*Cooking, Space Heating,
Space Cooling, Water
Heating, Water Cooling,
Lightning, Freezing, Other

\ ‘ \\k Trains
\‘ Boats

Aeroplanes

Transportation
Road Transportation
Car, Bus, Truck
AirTransportation
Marine Transportation
Passenger, Freight

Rail Transportation

Passenger, Freight
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Market Equilibrium in the MARKAL Model

Objective function  : Min. [discounted total system cost]
System constraints : energy balance, demands, electrical system
Policy constraints  : emission caps, technology portfolio standards, taxes and subsidies
Price
I e
Q: Quantity

Equilibrium for an Energy Service Demand in MARKAL-TR

v - .. . . th i
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The MARKAL Model

Main Components of the MARKAL Model

DEMANDS

*  Energy demands

LEAST COST SUPPLY OF PROCESSES
TECHNOLOGIES

Technology costs
Life

-
L]
+ Technology investments I
* Technology activity levels : :2;31';‘;:;1:::;“
: ::L;i::sages MA R KA I' » Capacity utilization
+  Emissions * Inputlevel
+  Output level
* Capacity and activity bounds
I » Efficiency
RESOURCES
*  Supply costs
¢ Annual and overall
availabilities
o N . . th i
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The MARKAL Model

Model constraints:

e Capacity transfer constraint

e Demand balance

¢ Fuel balance other than electricity and heat
¢ Electricity balance

e District heat balance

e Load management constraints

e Emission and material balances

5t |JAEE Summer School China
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Process / \
Coal Electricity CO,
Supercrititcal 0.736 kg

2.2kWh | coal plant (SCP)

1 kWh

0.27 KQske

Mspc - FLOSCP,COAL = FLOSCP,ELC

8SCP,COAL,C02 ’ I:LOSCP,COAL = FLOSCP,COZ

Tspc
ACTSCP = FLOSCP,ELC €scp,coaLco?
ACT < d.- -CAP Foce
scp,ELc = Hscp SCP,ELC

© Prof. G.Kumbaroglu, Bogazigi University
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TIMES

(The Integrated MARKAL
EFOM System)

Min/Max Objective function

s.t.

Equations, Constraints

Decision Variables <=> Solution for
given Input parameters

o o . e . . th H
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TIMES Improvements over MARKAL

Some Core Features

> Flexible period duration (unequal number of years/period permitted)

> Decoupling of model periods and data input years (so runs for any policy timing

needed, without changing data)

> Flexible framework for user-defined constraints (cumulative over time or regions,

inter-temporal between periods or timeslices)
> Multi-region decoupled TIMES-MACRO
> Multi-stage stochastics

> Clean code with mechanism to add new model equations/features

5t |JAEE Summer School China
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IEA-ETSAP Energy Systems Analysis Tools

Data Handling Model Generators
VEDA-FE TIMES
Data and
Assumptions
\ MARKAL
Results Handling M / So. n
VEDA-BE GAMS
Model >@(__ o
o ANSWER | Solvers
Modeler ETSAP Third Party

v o . e . . th i
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The MARKAL/TIMES Modeling Framework

Typical questions to be analysed

m  What is the cost-optimal energy mix that meets future demand?
m What is the impact of escalating fossil fuel prices?
® What are the environmental impacts?

®m How does the cost-optimal energy mix change with more stringent
environmental regulation?

m  What will be the consequence of market restructuring?
®m What needs to be done to increase the share of cleaner technologies?

m  What are the consequences of introducing specific technologies?

5t |JAEE Summer School China
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ANSWER-TIMES: Model Management System

Data
Management
region

Results
Management
region

Tool Bar, showing all icons disabled apart from ‘Open Database’. Mote also the ‘Region Management’ , ‘Batch Management” buttons.

Menu Bar
Utopia_LumpyInvestment - ANSWER-TIMES Energy Modelling
File Edit ‘iew Taols Functions Help
E’ El .lﬁl ?§| Eill El TI FIeginanagunentI Batch Management |
— Data Management
Scenarios: Selected Scenarios:
M amie | Deschption | Created [ Madified | 5 Marme I Diescription | Madified I
B _DELETED Items deleted from Dat..  2008/11/121713  2008/11/121713 »» | ENBASE Base scenario for Utopia .. 2008/12/20 13:48
Base scenano for Utop...  2008/11/12 1713 2008/12/20 13:48
B psc Scenano specifying Lu.. 2008114141207 20081219 21:22 ¢
% MULTI Scenano specifying M., 20081121717 200811921717 <
ISeIected Scenarnos displayl
New. | copy. | Deee | Ede. | Browse Data | EditData | RunModel.. | BatchRun.. |
~ Results Management
Cases: Selected Cases:
Mame | Description I Scenano | Created | Status o || Mame I Description | Created I
(3 Ex4-DSC Scenarnio specifyin., BASE+DSC 2008/11/141216  Imparted... . (3 Exa-D5C Scenano specifying Lump...  2008/11/14 1216
[3 Ex4-DSCZ  Scenano specifvin.. BASE+DSC 200812/09 2302 Imparted... [3 Exa.DSC2  Scenario specifying Lump...  2008/12/09 23.02
[3 EX4-DSCM  Scenario specifyin.. BASE+DSC+.. 2008/11/141232 Imported.. ¢ || EX4-DSCM  Scenario specifving Lump...  2008/11/1412:32
(5 Ex4DSCHA erampled_dsc_no  BASE 2008112/081453  Imported... ¢ B9 Ex4DSCHA exampled_dsc_no 2008/12/08 1452
B3 EX4MULT3  Scenaro specifyin.. BASE+MULTI 2008117121718  Imported.. B3 EX4MULTI  Scenario specifving MULT... 200811121718
ISeIeded Cases displayl
4| | o
mport | View LST... | ViewQC.. | Delete.. Edt. | Results | Results (tab) | Sync. Scen |
| Database: C:\AnswerTIME SvE\Answer_D atabases\Utopia_Lumpylnvestment mdb | Edit Scenario: v

© Prof. G.Kumbaroglu, Bogazigi University
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ANSWER-TIMES: Data and Results Form

Home Screen
Chart
Chart with Excel
Analyze with Excel

Specify screen mode
Specify Regions to be displayed

TS & TID Filter Specify ltems to be displayed
Apply Filter Specify Parameters to be displayed
Utopia_Lumpy Inyestment - /iINS'VER-TIMES Enitrgy Modelling
Menubar || "o ek wdw fun| Took F Help
Tool bar [ _l I !Ig-l_, _I El | |EcltDala I Regions Fikter... “Ita‘ng.&l ﬂIScenarios: All j
Component
fabs Global | TimeSlice | Commodity | CommGroup Process | TradeProcess | Constraint | Parameter |
Items Filter————— -
* Sets  MNamed I*J\ll Processes (FRC) El Sets Fiter... ] MWammed Filter. . |
ltems Mame e ltemn Management———————————————
region I || C&rﬂmlecass: Sets? |
B E2 LR Nudeal F‘Iant
EJ Hydro-glectic Plant New. .. I Copy... | Delete | Edit..
E4 Matural gas combined-cycle plant
Ao
B Est Pumped Storage Power Plant ﬂ SEERCIIEE || Wovs. HES
Subset Parameters: I*C Process, Specific EI ITS data EI ? |
Scenaijo | Parameter Region |F"toc>e$e , Copmodity | CommbGioup | CommGr | ltem5. | ltemb |I/E| 1930 20p0 2010
BASE |\ |ACT_COST/ c|uroPls  |E01 7 o L~ = g g 0 030000 0J30000  0.3000
BASE \ |FLO_FUN( 2fUToPls paf - HCO— _JET __—TAANUAL |- 0 03200 (| Select time series (TS) or time
BASE | [FLO_SU #|uToPis ~E0] hf)}/ﬂ;u/ C02  [ANNUAL|- [0 | B90000] gdl haependent (TID) Parameters
Parameters BASE NC&P_Afa uTopd et / - UP |0 02000 0 piay
region BASE NCAP_GOST /| 2 |Ur0pe B0 — - - - - 0 |1.400.0000(1,300.0000/1.200.0000
BASE Cap oM/ |z Plac . : 0 40,0000/  70.0000 100.0000
BASE NCAP/ TLWE 7 | Parameters spread | 0 40 40 40
BASE
Sort Parameters by
column header
| Database; C:\&nswerTIME SvB\ianswer_D atabases\Utopia_Lumpylnvestrent. mdb | Edit Scenanio: BASE y
— 32
5t JAEE Summer School China
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ANSWER-TIMES: RES Navigation

E TIMES_DemoOverview V2 - ANSWER-TIMES Energy Modelling

Eile Edit Wiew Run Tools Functions Help
J ﬂ g|£|¥| J |V| Edit Data | Regions Filter... |Items:.&|| j|Scenalios:All j

Global ] TimeSlice ] Commodity ] CommGroup FProcess l TradeProcess ] Constraint ] Stochastic ] Parameter ]

Iterns Filter

¢ Sets { Mamed |*All Proceszses [PRC) j Sets Filter. . | |

M ame | Region | Description | Status | Item Management

DEMELCO REGIONA Diemand pracess elechicity Cunent T ipcess: Sets?

ECOLSCO REGIOM, Coal 5C plant | |

EG.&T_ _i Mew.. | Copy.. | Delete | Edi.

2 EcA” A=l

EW " Select All ltems |

vt Process

ECOLSCO : Coal 5C plant

IM4F INPUT(S) p DUTPUTI(S)

IMF

IMP

i ECOLSCO : Coal SC plant

RE

-

Subset Parameters: Process, Specific j |TS,TID data j ?
Scenario Farameter Region | Process Commodity | CommGroup CommiGroup Item5 | ltemB I/E 2010 2020 2030 2040 2080
BASE ACT_EFF 7 |REGIOM ECOLSCO - COL - ARNUAL - 0 0.4600 0.5000
BASE FLO_EMIS 7 |REGION ECOLSCO ELCCOZ coL - AMHNUAL - 0 950000 950000
BASE WECAP_AFA 7 |REGIOW ECOLSED - - - - P ] 0.9000
BASE WCAP_COST 7 |REGIOW ECOLSED - - - - - ] 2.100.0000 1.650.0000
BASE WCAP_FOM 7 |REGIOM ECOLSCD - - - - - ] 42.0000 32.0000
BASE FRC_RESID 7 |REGIOWECOLSCO ] 3.0000 0.0000

Add |BASE - 7

v - .. . . th i
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ANSWER-TIMES: Technology Filters

B TIMES_DemoOverview V8 - ANSWER-TIMES Energy Modelling l==| = |

File Edit View Bun Tools Functions Help
gl EI glﬁhﬁl &ll |V| IBrowseData vl Reqions Filker... ||Items:AII ;”Scenarios:All ;I

Global I TimeSlice I Commodity I CommGroup Process | TradeProcess I Constraint I Stochastic I Parameter I

| Items Filter I | |
" Sets (¢ Mamed IPP_RF.N Renewable Po il' = = -
P Edit Process Items Filter @&u
S —— . ST —

Marmne | Region | D ezcription
EPMPTRED REGIOMA Fumped stora Edit Mame or Description ar Camment, ar optionally madify Filter far Frocess ltems Filter
ESOLPYO REGIONA Solar P plar FF_REM: Renewable Power Plants
Ew/INOMO REGIONA “ind onshore Mame: Descrintion:
PF_REM IFlenewabIe Pawer Plarts
Comment:

Subset Parameters: |+ process, Specific

Scenario | Parameter Region Processes to be Included:

BASE ACT_EFF 7 |REGIONA Process Mami Process Desn:l Process Sets | Input Comm Pl Iput Comm [1 Input Comm Eil Output Comm| Qutput Comm| Dutput Comm
BASE FRC_RESID ? |REGIONA Look for: |Like "EPMPT
or: Like "ESOL™
or: Like "EtwIN "

ar:

ar:

aor: -
5 - = = P to be Ezcluded:
cenario ‘arameter egion -
TACE FRC_ACTUNT ~TFEGIONE Frocess Mami| Process Desn:l Procesz Sets | Input Comm P»I Input Comm [1 Input Comm Sl Output Cormm| Qutput Comm| Output Comm
BASE  |PRLC_CAPALCT 7 |REGIONA Leeats (e
BASE PRC_MOFF 7 |REGIONA ar
BASE TOP-M 7 [REGIONA or:
BASE TOP-OUT 7 [REGIONA or:
or:
or: hd
Clear Included | Clear Excluded | 1] 9 | Cancel |
4
Database: C:ManswerTIMESvE\&nswer_Databases\Training \ TIMES_D oo

m With good naming conventions technologies can be grouped to be foster

organized access to subsets and for User Constraints
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