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1. Introduction

To provide a tool for decision makers to understameeting global energy demand with global energy
supply at a minimum cost and in a sustainable wayhave developed a global energy model (GET-RC
6.1) that includes a detailed description of pagsenehicle technology options. The model can leglus
to better understand the fuel and vehicle techryobbwices available for passenger vehicles and how
these fit into the larger global energy system, neftifferent energy sectors compete for the same
limited primary energy sources. The original linpemgramming Global Energy Transition (GET)
model, was developed in the late 1990s (Azar &Cl0) and is designed to meet exogenously given
energy demand levels, subject to a,€0Onstraint, at the lowest global energy system @dlscosts are

in US$).

The GET model is being developed and extendeddread research questions related to the
sustainable development of the global energy sysBawveral different versions of the GET model are
available. Thaim of this report is to describe the version used @ollaboration between staff at Ford
Motor Company and Chalmers University of Technoldgying the period 2008-2013. The model
version used, GET-RC 6.1, was developed to addesssirch questions related to light duty passenger
vehicles, where R stands for regionalized and €dos. This model version has been used to generate
results published in e.g., Grahn et al (2009a, BDR009c, 2013), and Wallington et al. (2010, 2012)
Background information (e.g., rationale for datasdm) can be found in the joint Ford-Chalmers
publications, mentioned above, and in earlier Ckadnpublications, e.g., Azar et al (2000, 2003,
2006), and Grahn (2009).

The general structure of GET-RC 6.1 can be destilseollows. The world is treated as ten distinct
regions with unimpeded movement of energy resouseaseen regions (with the exception of
electricity) and with costs ascribed to such mowvetrié/e aggregate regional solutions to supply dloba
results and constrain global €@missions as annual maximum upper limits followangssion-curves
towards a specific stabilization of atmospheric,€@ncentration. The model does not consider
greenhouse gases other than,Cihhe model time period is 1990-2140 with 10-y@aetsteps: we
present and discuss the results for time perio®-20D0. Energy demand is divided into three sectors
(i) electricity, (ii) transportation, and (iii) "fzd¢”. Heat comprises all stationary uses of enexkggpt for
those associated with generating electricity ardpartation fuels. The current study emphasizes
personal transportation in light-duty vehicles. ¥sume mature technology costs throughout the time
period considered. We further assume that all telcigies are available in all regions. All priceslan
costs are in real terms as future inflation isqatsidered. A global discount rate of 5% per yeas w
used for the net present value calculations.

It is important to remember that energy systemseisimizing models do not predict the future and
are not designed to forecast the future developwfeiie energy system. Instead, they provide attool
understand system behavior, interactions and céioneamong energy technology options in different
sectors.

The report is structured as follows; in Section #eddescribe the settings that are defined in the
model, i.e., the sets, parameters and variablete tiat the names of the types of entities madiff
among modelers. For example, economists use tims &xogenous variable and endogenous variable
for given data and decision variables, respectivalyhe programming language GAMS, where the
GET-model is developed, the terminology adopteasifollows: indices are called sets, given data are
called parameters, decision variables are callédblas, and constraints as well as the objective
function are called equations (GAMS user guide 220th this report, we use the terms defined for
models coded in GAMS. The equations used in theeimm@ explained in Section 5. The output code
is presented in Section 6, and inspiration for hownplement the model step by step can be found in
Section 7. Appended to this report are tables ptaggethe data (Appendix 1), a compact versiorhef t
model code (Appendix 2), calculation of one of plagameters, IR-func (Appedix 3), and the
mathematical description of the model (Appendix 4).
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2. Sets

In this section, the different sets (indices) arespnted. For a compact description of the sets in
alphabetic order, see Appendix 2.

2.1 Time

The model’s time period is 1990-2140 and is divided 10 year steps. Results are presented for the
2010-2100 period. The set “t_h" includes historiiale steps used for the carbon cycle calculations
and for plotting a long-term figure of historicahessions combined with model results. In GAMSsit i
sometimes necessary to have more than one nartieefeame set, e.g. when emissions one year affect
emission concentration another year. Here theTsdll' copy” includes all time step and is identitzal
“T_all*. The timeset “t_2010_2140" is used wheniflix a specific value for the result from year 2010
and beyond, e.g. the use of nuclear.

T_all 1800, 1810, 1820, 1830, 1840, 1850, 186001&880, 1890, 1900, 1910, 1920, 1930,
1940, 1950, 1960, 1970, 1980, 1990, 2000, 20100,20230, 2040, 2050, 2060, 2070,
2080, 2090, 2100, 2110, 2120, 2130, 2140

T_all_copyl T_all 1800, 1810, 1820, 1830, 1840, 1850, 186001&880, 1890, 1900, 1910, 1920, 1930,
1940, 1950, 1960, 1970, 1980, 1990, 2000, 20100,20230, 2040, 2050, 2060, 2070,
2080, 2090, 2100, 2110, 2120, 2130, 2140

t hl T all 1800, 1810, 1820, 1830, 1840, 1850, 186001&880, 1890, 1900, 1910, 1920, 1930,
1940, 1950, 1960, 1970, 1980

tl T_all 1990, 2000, 2010, 2020, 2030, 2040, 2050022670, 2080, 2090, 2100, 2110, 2120,
2130, 2140

t 2010 2140 t 2010, 2020, 2030, 2040, 2050, 2060, 2070, 2089022100, 2110, 2120, 2130, 2140

init_year| t 1990

2.2 Energy supply

Here we describe the sets for the model's energgrg both primary energy sources, which contains
the ingoing sources used in the energy converdamtg(e_in) and the secondary energy carriers,
which are the final energy products, i.e., enemyyiers coming out from the energy conversion [gant
(e_out), all listed in the set E.

The set of options that are allowed to enter therggnconversion module as incoming energy (e_in)
has the following acronyms. Primary energy optiares natural gas (NG), oil (OIL), coal (COAL),
nuclear (NUCLEAR), biomass (BIO), hydro power (HYDR wind power (WIND), concentrating
solar power (SOLAR_CSP), and finally other solagrgy technologies, i.e. solar-PV, solar-heat and
solar-hydrogen (SOLAR). The energy carriers thatlma converted a second time are: hydrogen (H2)
and electricity (ELEC), i.e. electricity can be gerted to heat or hydrogen, and hydrogen can be
converted to heat or electricity. In this modelsien, the technology CSP can be viewed as a new
energy technology generating inexpensive elegirigith low CO, emissions, and can therefore act as
a proxy for any future inexpensive electricity witlhw CO, emissions, e.g., advanced fission, fusion,
wave energy, or geothermal energy.

The set of energy carriers, converted from pringargrgy sources, (e_out) has the following acronyms:
all stationary use that not are electricity nonsgortation fuels, e.g., industrial process haatridt
heating and feedstock (HEAT), electricity (ELECprhass-to-liquid, which is biomass based synthetic
fuels assuming cost assumptions from bio-basedanetltvia gasification (BTL), coal-to-liquid and
gas-to-liquid, both using cost assumptions fromhaeol production (CTL/GTL), hydrogen (H2),
natural gas (NG), petroleum based gasoline/dies@ldene (PETRO), synthetic fuels for aviation
(AIR_FUEL). Since the energy carriers hydrogen (H2) electricity (ELEC) can be converted a
second time are these are both ingoing (e_in) atgbong (e_out) energy sources.

5
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E bio, hydro, wind, solar, solar_CSP, NG, oil, ¢caalclear, BTL, CTL/GTL, H2, heat,
elec, petro, air_fuel

e inl E bio, hydro, wind, solar, solar_CSP, NG, oil, camiclear, H2, elec

e outl E heat, elec, BTL, CTL/GTL, H2, NG, petro, air_fuel

The following are different subsets of the enermyrses and carriers used in some equations. The
acronym used below (cg) stands for co-generatidreat and electricity from the same conversion
process.

cg_e_inl e_in bio, NG, oil, coal, H2

cg_e_outl e_out elec, BTL, CTL/GTL, H2

primary | e_in bio, hydro, wind, solar, solar_CSP, NG, adal nuclear
second_inl e_in H2, elec

secl e out BTL, CTL/GTL, H2

nontrade_sek e_out heat, elec, NG, petro, air_fuel

fuels | primary bio, coal, oil, NG, nuclear

nonfuelsl primary hydro, wind, solar, solar_CSP

fossil | fuels coal, oil, NG

2.3 Type of conversion plant

The energy conversion plants can be of differgmesy In this model, energy conversion plants can us
conventional technology (0) or co-generation plavitere both electricity and heat are produced ¢cqg)
plants where carbon capture and storage technsl¢Gi€S) are applied. The subset c_capt includes the
two plant type options that can capture carbohgeivith or without co-generation of electricitydan

heat. The subset CG_type includes the two plam tygtions that produce co-generated heat and
electricity either with or without CCS.

type 0, cg, CCS, cg_CCS
c_captl type CCS, cg_CCs
CG_typel type cg, cg_CCS

2.4 Fuels for transport

There are several fuel options that can be us#tkitransportation sector, i.e. biomass-basedditpeéls
(BTL), coal to liquid (CTL), gas to liquid (GTL),gtroleum-based fuels such as gasoline, diesel and
kerosene (PETRO), electricity (ELEC), hydrogen (H@jtural gas (NG), and synthetic fuels for aviatio
(AIR_FUEL). The different subsets are used in eiguatonly valid for some specific fuels.

trsp_fuell e_out BTL, CTL/GTL, petro, elec, H2, NG, air_fuel
trsp_fuel_nonell trsp_fuel BTL, CTL/GTL, petro, H2, NG, air_fuel
synfuel_ga$ trsp_fuel_nonel BTL, CTL/GTL, H2, NG

road_fuell trsp_fuel BTL, CTL/GTL, petro, elec, H2, NG
road_fuel_liquidl road_fuel BTL, CTL/GTL, petro

2.5 Vehicle technologies

There are five different vehicle technologies (pelyavailable in the model, i.e., conventional rinét
combustion engine vehicles (0), fuel cell vehi¢ES), hybrid electric vehicles (HEV), plug-in hybri
electric vehicles (PHEV), and battery electric wi#s (BEV). The different subsets are declareceto b
used in equations only valid for some specific glshiechnologies. Note that the set “0” again defin
current conventional technology, this time interc@inbustion engine vehicles, whereas it in Se@i8n

6
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is used to define conventional energy conversiantgkechnologies. The two sets denoted “0” canmeve
be mixed up since a set always are connected tairteariables.

e_type 0, FC, HEV, PHEV, BEV
ic_fcl e_type 0, FC

hybrids | e_type HEV, PHEV
hev_phev_bell e _type HEV, PHEV, BEV
non_phevl e_type 0, FC, HEV, BEV

2.6 Transport modes

The energy demand in the transportation sectdridet! between nine different transport modes
(trsp_mode), i.e., light duty passenger vehiclesdp), airplanes for passenger travel (p_air), duse
(p_bus), passenger rail (p_rail), and the followfregght road types: trucks (f_road), freight aioat
(f_air), freight coastal shipping (f_sea), anddtgiinternational shipping (f_isea).

trsp_mode p_car, p_air, p_bus, p_rail, fdrdaair, f_sea, f_isea, f_rail
vehiclel trsp_mode p_car, f road

ptrs_model trsp_mode p_car, p_air, p_bus, p_rail

frgt_model trsp_mode f road, f_air, f_sea, f_isea, f_rail

ship_model trsp_mode f sea, f isea

2.7 Regions

In GET-RC 6.1, the world is treated as 10 distnegions: North America (NAM), Europe (EUR), the
Former Soviet Union (FSU), OECD countries in theiffaOcean (PAQO), Latin America (LAM), the
Middle East (MEA), Africa (AFR), Centrally Plannédgia — mainly China (CPA), South Asia —

mainly India (SAS) and Pacific Asia (PAS). All regs can export and import, and the the minimum
cost selection determines the trade. In GAMS, soisietimes necessary to have more than one name
for the same set, e.g. when energy carriers ailedrbetween two regions. Here the set “R_exp”
includes all regions that can export and is idehtic “R_imp” that includes the regions that can
import.

R NAM, EUR, PAO, FSU, AFR, PAS, LAM, MEA, CPA, $A
R_expl R NAM, EUR, PAO, FSU, AFR, PAS, LAM, MEA, CPA, SAS
R_impl R NAM, EUR, PAO, FSU, AFR, PAS, LAM, MEA, CPA, SAS

3. Scalars and parameters

In this section, we present the names of all usathss and parameters (given data). All scalars and
parameters are written in blue throughout this redde chosen data values can be found in Appendix
1. For a compact description of the scalars andrpaters in alphabetic order, see Appendix 2.

3.1 Scalars

In this Section, the names of the scalars are predeWe define scalars as a parameter with or@fgpe
value only. As soon as the parameter depends opnramere sets they are presented as a parameter; se
Section Parameters. In this report, we always ptesmlars and parameters in blue text to inditete

they are known values.

3.1.1 Basic scalars

The scalars presented here are the amount of miieonds per yeariéec per yedr which together
with a plant specific capacity factor, is used wiaenverting from an energy conversion plant’s dffec
expressed in KW into the amount of energy that cooogt of the plant (GJ/yr). The discount rade (
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accounts for the valuation of future costs and ihée base case set to 5%. Also, the interesapgiied
to investmentsr(inves) is set to 5% in the base case runs.

Msec_per_year =31.6 Number of seconds per year expressedliiomsi [Ms]

t step =10  Number of year within each timepst [yr]

r =0.05 Discountrate [
r_invest =0.05 Interest rate applied to investraent [
pre_ind_ccont =280 Pre-industrial atmospheric £&dncentration [ppm]

3.1.2 Maximum growth and depreciation

Constraints have been added to the model to aeditians that are obviously unrealistic, such as
constraints on how fast changes can be made iendagyy system. This includes constraints on the
maximum expansion rates of new technologies (ireg@rit is set so that it takes 50 years to chdhge
entire energy system), as well as annual or tatahetion limits on the different available energy
sources. The growth is limited by both relative abdolute values. First, we list the relative value
below, where all limitations on growth from one éistep to another are maximized to 20% in base case
runs. The depreciation, limitations of the minimfraction remaining in a timestep (compared to
previous timestep), is set to 75% for a certairrggnechnology, 70% for a certain vehicle technglog
and minimum 20% for the phase out of oil.

cap_g_lim =0.2 maximum growth of capacity ireegy conversion plants []
supply_g_lim =0.2 maximum growth of primary energyragtion []
infra_g_lim =0.2 maximum growth of infrastructuapacity [-]
eng_g_lim =0.2 maximum growth of vehicle teclugies []
en_conv_decr_lim =0.75 minimum fraction of previous timestghergy technology []
mx_decay_frac = 0.7 minimum fraction of previous timestepehicle technology []
mx_decay_frac_oil =0.2 minimum fraction of previous timestepikuse [-]

The following scalars present the absolute valS8ese scalars are first defined as a global staticev
and then regionalized and made dynamic in calawatincluded in the model, overwriting the global
values: see Section 3.2.4 Growth and depreciafioa.global values are presented here since thgy onl
consist of one value (scalars). We use “kick-Startefer to a small starting value required when
something new, like a new infrastructure, is introeld (otherwise any percentage growth will stilhalq
zero if the starting value, in 1990, is zero), Ve tfinal tail” to refer to the last part when sdhiag old

is phased out (otherwise an old technology willerese totally phased out if always decreased by a
certain percentage).

global_max_exp_p =2 Global maximum expansion of conversion plants [TW/decade]
global_max_exp =60  Global maximum expansion for energy souseept biomass [EJ/decade]
global_max_exp_b =32 Global maximum expansion for biomass préidac [EJ/decade]
global_max_exp i =1 Global maximum expansion for infrastructuregstments [TW/decade]
global_init_i =0.05 “kick-start” value when a new infrastrugtus introduced [TW]
global_init_e =0.1 “kick-start” value when a new engine igaduced [Gvenhicles]
global_init_p =0.3 “kick-start” value when a new conversioarglis introduced [TW]
global_init_s =0.3  “kick-start” value when a new energue is introduced [EJ]
global_en_conv_dis =5 Final "tail" of a certain energy conversion [EJ]
global_mx_decay =6 Final "tail" of a certain transportation ege [EJ]
global_mx_decay_oil =10 Final "tail" of oil use in primary energyluas [EJ]
t_tech_plant =50 Inertia. Minimum of years for a total char{§el00% of the

market) for new conversion technologies [yr]
t tech_eng =50 Inertia. Minimum of years for a total char{§el00% of the

market) for new vehicle technologies [yr]
t tech_effic =30 Inertia. How fast energy efficiency may chamgm current

level to mature level [yr]
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3.1.3 Energy conversion

The following scalars are used in energy conversgumations including intermittency limitations, co-
generation, and CCS.

fos_capt_effic =0.9 carbon capture efficiency from fossil CCS [
bio_capt_effic =0.9 carbon capture efficiency from bioenerdy3C [
c_capt_heat fr =0.3 max fraction of heat sector using CCS [-]
c_stor_maxgr =100 global annual growth limit on carbornratye capacity [MtC/decade]
cogen_fr_e = 0.2 max fraction of electricity demandrfr@o-generation [
cogen_fr_h =0.2 max fraction of heat demand that Gane from co-generation [-]

interm_fr =0.3 max fraction of intermittent electtyc(wind + solar-elec) []

3.1.4 Transport

Below we introduce the scalars used in the tranapon module. We assume that a maximum of 20% of
all trucks and 50% of all buses can run on eldtfras plugin-hybrids (PHEVS) or as pure battery
electric vehicles (BEVSs).

frac_phev_trucks =0.2 share of trucks that can be PHEV []
frac_phev_buses = 0.5 share of buses that can be PHEV []
frac_bev_trucks =0.2 share of trucks that can be BEV []
frac_bev_buses =0.5 share of buses that can be BEV []
3.1.5 Cost

The following scalars are used when calculatingscdghe reason that the storage cost differs betwee
carbon from fossil fuels and carbon from bioenasgghat bioenergy conversion plants typically are
smaller in size compared to fossil fuel convergitamts. The cost for distributing the carbon frarger
conversion plants will benefit from the economiéscale.

cost_strg_fos = 0.037 carbon storage cost from fossils (egjaivt to 10 USDEQO,) [GUSD/MtC]
cost_strg_bio = 0.073 carbon storage cost from bioenergyi@dgnt to 20 USDEO,) [GUSD/MLC]
c_bio_trspcost = 0.5 additional transportation cost appliethitenergy CCS [GUSD/EJ]

3.2 Parameters

In this section, all parameters (given data) usdtié model are presented, and we identify in phesms
on what sets the parameter values depend. Dathddrase case runs are given in Appendix 1. For a
compact description of parameters in alphabetiemsbe Appendix 2.

3.2.1 Supply potential and energy demand

supply_pof(primary, R, t) Annual upper limit on supply potieh (non-fossil sources) [EJ]
supply_pot_Qprimary, R) Aggregated upper limit on fossil plyppotential. [EJ]
heat_dem_reR, t) Heat demand [EJ]
elec_dem_regR, t) Electricity demand [EJ]
ptrsp(R, ptrs_mode, t) Energy demand for passengasjport [EJ]
frgt (R, frgt_mode, t) Energy demand for freight gport [EJ]
trsp_dem(R, trsp_mode, t) Energy demand for each tramafion mode [BJ]

The input data for energy demand for the transportaector, parametérsp _demis presented in two
tables in Appendix 1, where Table ptrsp_all inckidemand for passenger transport modes, and Table
frgt_all includes demand for the freight transpuddes. The input data in earlier model versions
assume an overall energy efficieny improvement. é¥0per year year (equivalent to a doubling of
efficiency over 100 years). In this model versime, assume that energy savings of 0.3% per year can
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be achieved through improved rolling and air resise and eco-diving, which is assumed to be equal
for all types of road and sea based vehicle amqtslshnologies. The annual improvement on
drivetrains, however, are assumed to be technaleggndent, i.e., higher for internal combustion
engines and fuel cell engines compared to eleatficles. Therefore, the input data for parameter
trsp_denon p_car, p_bus, f road, f_sea, and f_isea firstine be adjusted by a factor of 1.004, which
in GAMS are made by the following code:

trsp_dem(R, "p_rail", t) = ptrsp_all(R, "p_rail", t);

trsp_dem(R, "p_air", t) = ptrsp_all(R, "p_air", t);

trsp_dem(R, "p_car", t) = ptrsp_all(R, "p_car", t)*1.004%* step*(ord(t)-1));
trsp_dem(R, "p_bus", t) = ptrsp_all(R, "p_bus", t)*1.004t*step*(ord(t)-1));
trsp_dem(R, "f_rail", t) = frgt_all(R, "f_rail", t);

trsp_dem(R, "f_air", t) = frgt_all(R, "f_air", t);

trsp_dem(R, "f_road", t) = frgt_all(R, "f_road", t)*1.004¢t_step*(ord(t)-1));
trsp_dem(R, "f_sea", t) = frgt_all(R, "f_sea", t)*1.004**(step*(ord(t)-1));
trsp_dem(R, "f_isea", t) = frgt_all(R, "f_isea", t)*1.004¢_step*(ord(t)-1));

Note that “ord” is a GAMS operator that generatgeders from the position in the set, e.g.
ord(1990)=1 and ord(2000)=2.

The following expression initializes all static uak on supply potential in each time period tohee t
supply potential presented in Tabkupply pot 0. That means all values presented in the tablebail
the upper limit for each time step. This will ofuree lead to unrealisticly high annual upper liroits
fossil sources, but equation (2), corrects for.that

supply_pot(primary, R, t) =supply_pot_Qprimary, R); [EJ]

3.2.2 Energy conversion plants, CCS and infrastruct  ure

effic (e_in, type, e_out, t) Time dependent eneayyersion efficiency [-]
effic_current(e_in, type, e_out) Near-term energy conversidiciehcy [-
effic_0O (e_in, type, e_out) Ideal conversion efficiencglamed available in 2020-2050 [-]
heat_effic(cg_e_in, cg_type, cg_e_out) Heat efficiency fogeneration of electricity and heat [
If (e_in, type, e_out, R) Load factor (capacity factor energy conversion plants,

i.e., the share of maximum capacity that is used/par []
If_infra (synfuel_gas) Load factor infrastructure -
life_plant(e_in, e_out, type) Life time on energy coni@rplants [yr]
life_infra (synfuel_gas) Life time for infrastructure [yr]
dec_elede_in) Electricity requirements when usin@%(fraction ofen_cony [-]
init_cap(e_in, e_out, type, R) Capacity in energy conwerglants for the initial year [TW]

Calculation of some of the parameters listed above

In this model version, we use time dependent eneffigiency. Energy conversion efficiency in neam
“effic_current is assumed to be 0.1 lower than the ideal eneffigiency “effic_0". It is of course not possible to
know exactly when in time the ideal efficiency datome reality. However, we make an assumptionittbah be
fulfilled sometime between 2020 and 2050.

The model chooses the lowest value effi¢” from two linear functions. Values faffic will therefore be lower in
the first timesteps and increase over time ungilttho curves intersect. From the timestep when itigysect, the
values oreffic will be stabilized at a so called mature level.

effic_current (e_in, type, e_out) =ffic_0 (e_in, type, e_out) 8.1

effic (e_in, type, e_out, t) =
min (effic_O (e_in, type, e_outﬂeffic_o (e_in, type, e_out) effic_current(e_in, type, e_ou))
t tech_effic(e_in, type, e_outf(ord(t)—l)* t_step) + effic_current(e_in, type, e_ou))
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As an illustration of the two linear functions tlittermines parameteeffic”, the example of conversion
efficiency for biomass based electricity is presdrin Figure 1.
1
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0.4 —i—alternative
0.3

0.2
i
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Figure 1. The example of biomass based electricity to ithistthe two equations used for the time dependent
energy efficiency parameteeffic’. For each time step the model always picks theeki values.

3.2.3 Transportation sector

num_veh(R, vehicle, t) Number of vehicles [Gvenhicles]
life_eng(trsp_fuel, e_type, vehicle) Life time of velei@ngines [yr]
trsp_conv_sftrsp_fuel, e_type, trsp_mode) A factor that redathe energy efficiency to conventional

ICEV. Valid for aviation and rail. [
trsp_convtrsp_fuel, e_type, trsp_mode, t) Time depenthsptconv []
elec_frac_pheyvehicle) Fraction of time that a PHEV operatebattery mode.

We assume that BTL/CTL/GTL and Petro PHEVs have

the same electricity fraction. [-]
high_speed_trai(R, t) Fraction of aviation sector substitutedhwiigh speed

trains run on electricity [

3.2.4 Growth and depreciation

max_exp_pe_in, e_out, type, R, 1) Growth limit on enexpnversion plants [TW/decade]
max_exp(R, 1) Primary fuel supply growth itm [EJd/decade]
max_exp_biqR, t) Bio energy growth limit [EJ/decdde
max_inv_infra(R, t) Infrastructure growth limit [TW/decsld
en_conv_difR, t) The final "tail" of a certain energy cargion [EJ]
mx_decay_abR, t) The final "tail" of a certain trangpation energy [BJ]
mx_decay_abs o(R, t) The final "tail" of oil use in primarynergy values [EJ]
init_infra (R) “kick-start” value when a newrastructure is introduced  [TW]
init_eng(R) “kick-start” value when a newgame is introduced [Gvehicles]
init_plant(R) “kick-start” value when a new #ension plant is introduced [TW]
init_supply(R) “kick-start” value when a new enesgpurce is introduced  [EJ]

Calculations of regionalized growth and depreciatiparameters listed above

Below we describe the calculation of regionalizedgmeters using the global scalars presented tin8ec
“Scalars.” The scalars are transferred into dyngrmai@ameters, i.e., changed into time dependenesaapending
on the regional energy demand in each time stefe that the global maximum expansion values weesented in
TW whereas the regionalized values are presentEd {@adjusted usinglsec_per_yedt_stey).

max_exp(R, t) =
((elec_dem_regR, t) +heat_dem_refR, t) +Strsp_m0de(trsp_den(R, trsp_mode, ))) /
(Msec_per_yeart_ste;))* global_max_exp
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max_exp_p(e_in, e_out, type, R, t) =
((elec_dem_regR, t)+heat_dem_re@R, t) +St,sp_mode(trsp_den”(R, trsp_mode, ))) /
(Msec_per_yealt_ste;))* global_max_exp_p

max_exp_bio(R, t) =
((elec_dem_re(R, t)+heat_dem_re@R, t) +Strsp_mode(trsp_den(R, trsp_mode, ))) /
(Msec_per_yeant_ste;))* global_max_exp_jb

max_inv_infra (R, t) =
((elec_dem_regR, t)+heat_dem_re¢Rr, t)+ St,sp_mode(trsp_den(R, trsp_mode, ))) /
(Msec_per_year(_ste;))* global_max_exp;i

init_eng (R) =
((elec_dem_regR,"2000") +heat_dem_re¢R,"2000") +S trsp_mode(trsp_derr(R, trsp_mode, “2000))) /
(Msec_per_yealt_step)* global_init_e

init_infra (R) =
((elec_dem_regR,"2000") +heat_dem_redR,"2000") +S trsp_mode(trsp_den(R, trsp_mode, "2000))) /
(Msec_per_yeant_ste;))* global_init_i

init_plant (R) =
((elec_dem_regR,"2000") +heat_dem_re¢R,"2000") +S trsp_mode(trsp_derr(R, trsp_mode, ”2000))) /
(Msec_per_yealt_ste;))* global_init_p

init_supply (R) =
((elec_dem_regR,"2000")+heat_dem_recR,"ZOOO")+Strsp_mode(trsp_den(R, trsp_mode, "2000))) /
(Msec_per_yeant_ste;))* global_init_s

As an alternative to the last four calculations\aydhe values can instead be inserted as an datattable with
the values presented in Table 1.

Table 1. Regional values for the four parameters actintkiak-start” values when a new tecnology is intredd
in model scenarios. These regional values can && instead of the calculations where a regionalevéd
generated from a global value.

init_eng(R) init_infra(R) init_plant(R) init_supply(R)

NAM 0.025 0.013 0.076 0.076
EUR 0.018 0.009 0.054 0.054
PAO 0.008 0.004 0.023 0.023
FSU 0.008 0.004 0.024 0.024
AFR 0.005 0.003 0.015 0.015
PAS 0.004 0.002 0.013 0.013
LAM 0.005 0.002 0.015 0.015
MEA 0.004 0.002 0.011 0.011
CPA 0.011 0.005 0.033 0.033
SAS 0.006 0.003 0.019 0.019

en_conv_dis(R, t) =
((elec_dem_regR, t) +heat_dem_re(R, t) +Strsp_mode(trsp_dem(R, trsp_mode, ))) /
(Msec_per_yealt_step)* global_en_conv_djs
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mx_decay _abgqR, t) =
((elec_dem_regR, t)+heat_dem_re(Rr, t)+Strsp_mode(trsp_derT(R, trsp_mode, ))) /
(Msec_per_yea’trt_ste;))* global_mx_decay

mx_decay_abs 0i(R, t) =
((elec_dem_regR, t)+heat_dem re(Rr, t)+ S trsp_mode(trsp_dem(R, trsp_mode, ))) /
(Msec_per_yeart_ste;))* global_mx_decay_adil

3.2.5 Emissions and carbon taxes

CO, emissions are incurred whenever fossil primarygneources are used in the model. The
emissions differ between the fossil energy soudegending on the emission factern{is_fac). An
emission factor is also given for biomass sinceéa@arcan be stored by using carbon capture and
storage technology. Since it is possible to impod export fossil synthetic fuels, the emissionsifr

the production of CTL/GTL is assigned to the rediefiore exporting the fuel, and the emissions from
combusting the fuel is assigned to the region ulieguel. A special emission factor is therefore
needed for the combustion of synthetic fuelsiE_fact_syn

To convert the C@emissions into atmotsperic G@oncentration, a carbon cycle module is included.
Parameters used in the carbon cycle module argedsented here.

emis_facf(fuels) Carbon dioxide emission factors [MtC/EJ]
emis_fact_syn Carbon dioxide emission factor from the use oEAGTL [MtC/EJ]
c tax(R, t) Carbon tax [GUSD/MtC]
hist_fos_emigt_h) Historical fossil emissions [MtC]
fut_luc_emig(T_all) Prognos for future emissions from land abange [MtC]
fut_biota_sinkqT_all) Estimation of the contribution of natu@D, sinks [MtC]
IRfunc (T_all, T_all_copy) Impulse Response function.detines annual contribution to

atmospheric carbon from each year’s,@missions. [-]

The impulse response functidRfunc, is a declining function representing the anngaitcbution to
atmospheric Cefrom each emission impulse. The contribution ghlist in tipesteps directly after the
emission but will contribute to the atmospheric,@@ many decades after it is emitted. The impulse
response function used in GET is taken from Maiemter and Hasselmann (1987), and in their paper
the function is named G(t). In this model versibe talues ofRfunc are included as a parameter
(table) with given data (and not calculated dutimgrun). Values for parameté&tfunc can be found in
Appendix 1 and more details éRfunc can be found in Appendix 3.

3.2.6 Prices and costs

Here we present parameters used when calculatstg rothe model. Some costs are calculated in the
model from a starting base cost. The cost is tliere@ade time dependent and modified by interest
rate and discount rate. A base cost for a theailettandard vehicle run on petroleum based fuel (fo
cars a gasoline TDI) is first definedeficle _co9t For more advanced vehicle technology and fuel
options, we add an incremental cost relative tactireventional vehicle (car and truck), see Appendix
1, for chosen data. The investment costs are tloelified with an interest rate and a discount rate
(cost_inv_modl

price (fuels, R) Basic fuel price (without scarcignt" or carbon ta® [GUSD/EJ]

! In reality prices will increase, with a so calchrcity rent, when demand is higher than the suppgoods. In
the model demand is typically higher than the syl oil, natural gas and biomass. The scarcity veill
increase with time, on oil and natural gas aloniwhat oil and natural gas become more scarcearniomass
the more stringent the GQ@estriction is since biomass is a cost-effectiviessitute for all fossil fuel use. In the
model, as an approximation for the real world sitarent, we use the marginal values (shadow pyioaghe
supply constraint.

13



Grahn et al. Descriptiortted global energy systems model GET-RC 6.1 16 July 2013.

OM_cost_fr(e_in, e_out) Operation & maintenance cost adifra of capacity cost []
cost_inv_basée_in, type, e_out) Basic investments cost fargy conversion plants [GUSD/TW]
cost_inv(e_in, e_out, type, t) A fourth dimensiame set t (time) is added to the parameter [GUSD/TW]
cost_inv_mode_in, e_out, type, t) Adjusted plant investmesgtdif assuming different

investment interest rate and discount rate) [GOsg
vehicle_cos(vehicle) Basic cost for a car and a trudkgigonventional fuels [GUSD/Gvehicle]
cost_eng_bas@oad_fuel, e_type, vehicle) Additional cost abetandard "petro-vehicle” [GUSD/Gvehicle]
cost_endroad_fuel, e_type, vehicle, t) Time dependehicle investment cost [GUSD/Gvehicle]
cost_eng_modroad_fuel, e_type, vehicle, t) Vehicle investmenst adjusted if assuming

different investment interest rate and discoutdsa [GUSD/Gvehicle]
cost_infra(synfuel_gas) Investment cost for infrastructure [GUSD/TW]
cost_infra_modsynfuel_gas) Adjusted plant investment cosagguming different

investment interest rate and discount rate) [GOsg
imp_cost(fuels) Cost for transportation of primary enesgyrces when

trading between regions, regardless of the distanc [GUSD/EJ]
imp_cost2(sec) Cost for transportation of secondary enegggiers when

trading between regions, regardless of the distanc [GUSD/EJ]
imp_cost_lin(fuels) Additional cost, dependent on distanoe tfansportation

when trading primary energy sources. [GUSD/EJ]
imp_cost_lin2(sec) Additional cost, dependent on distancetréorsportation

when trading secondary energy carriers. [GUSD/EJ]

Calculation of some parameters listed above

Time is added as a fourth dimension to the investroest of energy conversion plants and vehiclegjidally
we planned to introduce time dependent investmestis¢ but in this model version, we use identicaéstment
costs for each time step.

cost_inv(e_in, e_out, type, t) =ost_inv_basée_in, type, e_out);
cost_endroad_fuel, e_type, vehicle, t)cost_eng_bas@oad_fuel, e_type, vehicle) + vehicle_cost (viic

The investment costs will in reality be perceivéffedent if the discount rate’) differs from the investment
interest rater(_inves). In the model we try to capture this effect byraducing the parametepst_inv_mod
which will adjust the basic investment cost accogdo these differences. In this model versionassgn and
r_investthe same value, i.e. both set to 0.05. Theretbeethree calculations below do not currently dbuote to
the result but are useful if performing differeastls to determine the effect of assuming that iseodnt rate and
investment rates are not identical.

cost_inv_mod(e_in, e_out, type, t) =
cost_inv(e_in, e_out, type, t) (r_invest+ 1/ife_plant(e_in, e_out, typé)(r+1/|ife_plant(e_in, e_out, typé)

cost_eng_modroad_fuel, e_type, vehicle, t) =
cost_endroad_fuel, e_type, vehicle, t)(?_invest+ 1/ife_eng(road_fuel, e_type, vehicl)af)
(r+1/|ife_eng(road_fuel, e_type, vehicl)z)

cost_infra_mod (synfuel_gas) =
cost_infra(synfuel_gas) ’(r_invest+ 1fife_infra (synfuel_gas)/ (r + 1/ife_infra (synfuel_gas);

3.2.7 Miscellaneous

distancg(R_imp, R_exp) Table of rough distances betwegions [km]
flow_matrix (e_in, type, e_out) Table presenting which enegwersions that are allowed  [-]
population(R, t) Population [Gpeople]

2 As an approximation for carbon taxes (if runnihg model with emission constraints instead of givaon
taxes) we use the marginal value on the emissiastrnt.
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The tableflow_matrixis a matrix containing “0” or “1” depending on ifi @nergy conversion, from a
primary energy source to an energy carrier, isagdhb(="0") or not (="1"), see equation 29.

4. Variables

In this section, the variables are presented wihat explanation including units. Variables verittin
red indicate main variables, i.e. that the variglalee not calculated from any other decision véegb
The green variables are calculations of the rebles and can therefore theoretically be excluded
from the model, but are useful when analyzing moeglilts, since they can be compared to real
statistics and trends. All variables are of typetrwous. For a compact description of the varisile
alphabetic order, see Appendix 2.

4.1 Balancing energy flows

The energy flows in the model are simplified in mavays, but capture the most important flows in a
real global energy system, see Figure 2 for anvoser

4.1.1 Energy conversion

The energy flow, from primary energy extractionilimal energy use, is divided into different
steps. The following variables are nodes in thal temergy flow, see Figure 2.

supply_1(R, primary, t) The amount of primary energy egtea in each region and time period [EJ/yr]
supply_tot(R, primary, t) The amount of primary energy used region and time period after

import/export [EJd/yr]
en_conR, e_in,e_out, type,t) The amount of energyacheregion converted from e_in to e_out

expressed in primary energy terms in each timsger [EJdlyr]
supply_2(R, second_in, t) The amount of energy in eagjion that goes back into the energy conversion

box to be converted a second time in each pefid2l och ELEC). [EJdlyr]
energy prodR, e_out, t) The amount of energy carriers conoagof the conversion module

in secondary energy (demand) terms, i.e. afterggriesses, in every

region and time period. [EJdlyr]
energy deli(R, e_out, t) The amount of energy that meet&Kugenously given energy demand

(after import/export of H2, CTL/GTL, BTL) in evernggion and period. [EJ/yr]
cg_heaiR, t) The amount of heat produced in eadion and time period using

co-generation technologies [EJdlyr]
heat decarlfR, t) Additional heat demand in each region ame tperiod if the model

chooses to use CCS [EJd/yr]
elec_decarlfR, t) Additional electricity demand in each megiand time period if the model

chooses to use CCS [EJd/yr]
tot. CSP(t) Total amount of energy in ediche period from concentrating solar

power (CSP) [EJd/yr]

4.1.2 Import and export

There are two steps along the entire energy floeresinegions can trade with each other. The
primary energy sources “fuels” (bio, coal, oil, N&hd uranium for nuclear) can be traded before
the primary energy sources are converted to secprdargy carriers, i.e., between the variables
supply_Jlandsupply_totin the energy flow. The energy carriers “sec” (BT L/GTL, H2) can

be traded between the variabtesergy prod@ndenergy deliysee Figure 2. The following
variables are used to balance the energy flowishatported and exported between regions.

imp_prim(R, fuels, t) Amount of primary energy sources imied to a region in a period [Edlyr]
imp_sedR, sec, t) Amount of secondary energy sources iitagdo a region in a period [Edlyr]
exp_prim(R, fuels, t) Amount of primary energyurces exported from a region in a period [EJdlyr]
exp_sedR, sec, t) Amount of secondary energy sourcesrgaqgdrom a region in a period [EJ/yr]
imp_prim_from(R_imp, R_exp, fuels, t)  Primary energy tradirgns [EJdlyr]
imp_sec_from(R_imp, R_exp, sec, t) Secondary energy tradimgdl [EJdlyr]
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4.1.3 Transportation

The main energy flow within the transportation se captured in the variablesp_energyTo

keep track of the amount of electricity that isdisethe transportation sector, the variable
elec_trsgs introduced. The amount of energyeirec_trspwill then be added to the total electricity
demand (see eq 15). Fuels for buses as well asfiueships are calculated from mirroring the
shares of fuels and technologies used for trudkipsShowever, are assumed to not be able to run
on electricity, i.e., no HEVs and PHEVs are allovirethe shipping sector. If HEVs and PHEVs
are used for trucks, there will be a gap in thé éise for ships. This gap is assumed to be filled
with additional ship fuels by extending the shargsally much in variablextra_ship_fuel

trsp_energy(R, trsp_fuel, e_type, trsp_mode, t)  Amount cérggy used for transport in each region

and time period [EJdlyr]
elec_trsp(R, t) Demand of electricity for the transidn

sector in each time period and region [EJdlyr]
extra_ship_fue(R, trsp_fuel, ic_fc, ship_mode, t) Additional sHiyzl required in each region and time

period since ships cannot run on electricity yEJ/

4.2 Calculating investments and capacity

cap_inves(R, e_in, e_out, type, t) New investmentsriargy conversion technologies in

each region and time period [TW]
eng_inves(R, trsp_fuel, e_type, vehicle, t) New investnsantengines/vehicles technologies in

each region and time period [Gvehicles]
infra_invest(R, trsp_fuel, t) New investments in infrastruetdior fuel used in

transportation in every region and time period [TW]
capacity(R, e_in, e_out, type, t) Aggregated capacityrefrgy conversion technology

in every region and time period [TW]
engineyR, trsp_fuel, e_type, vehicle, t) Aggregatagacity of engines/vehicles using different

fuel types in every region and time period [Gvédst
infra (R, synfuel_gas, t) Aggregated capacity of infiacture for synthetic fuels

in every region and time period [TW]

4.3 Calculating emissions and CCS

agg_emis Total emissions [MtC]
c_emission_globat) Annual global emissions [MtC]
c_emission(R, t) Annual emissions per region [MtC]

c capt foqR, 1) Annual amount of carbon captured from folsgls per region [MtC]
c_capt biqR, t) Annual amount of carbon captured from biessper region [MtC]
c capt toi(R, t) Annual amount of carbon captured fr fofisills and biomass per region [MtC]
c_capt_agg Total amount of captured carbon for all regiond ime steps [MtC]

carb_ctri(T_all, T_all_copy) Carbon contribution to the aspbere from emissions made a specific
time period (emitted C&remains in the atmosphere for many decades) [MtC]
atm_ccon{(T_all) Atmospheric C@concentration in each time period [ppm]

4.4 Calculating costs

cost_fuel(R, t) Cost for extracting primary energy sourpestime period and region [GUSD]
tot_trspcost_prinR, t) Cost for trading primary energy sourcestpae period and region [GUSD]
tot_trspcost_se(R, t) Cost for trading secondary energy casrjer time period and region [GUSD]
cost_cafR, t) Investment cost for energy conversiommitetogy per time period and

region [GUSD]
OM_cost(R, t) Operation and maintenance cost per timogemnd region [GUSD]
cost _c_hio trsgR, t) Additional transportation cost if applyi@CS on bioenergy per time

period and region [GUSD]
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cost ¢ strqR, t) Cost for storing carbon per time period aggion [GUSD]
tax (R, t) Cost if applying carbon taxes to the maukal time period and region [GUSD]
annual_cos(R, t) Sum of all annual costs in the model pexetperiod and region [GUSD]
tot_cost Total cost for the entire energy system [GUSD]
5. Equations

In this section, we describe the equations (coimésrand the objective function). The equationsealthe
model to fulfill all energy balances, keep trackuseéd energy sources and generated emissions, and
calculate all costs. The major energy flows in GET-6.1 are illustrated in Figure 2. Note that cosl
emission variables are not included in Figure 2 gare 21 for a more complete model illustration.

J V

IMP_PRIM_FROM IMP_SEC_FROM
IMP_PRIM EXP_PRIM IMP_SEC EXP_SEC TRSP_
ENERGY

Y \ L

SUPPLY_1 SUPPLY_TOT p EN_CONV ENERGY_PROD >
q\ q\ \ SUPPLY_2 '/ /]\
CG_HEAT

)

Figure 2. lllustration of how the different energy flow vables connect to each other in GET-RC 6.1 from the
extraction of primary energy sources until finakegy carriers are produced and used. Variablesharen in
boxes whereas parameters giving input to the Vimsadre presented without boxes.

5.1 Balancing energy flows

The following equations balance the energy flowrfrihe primary energy sources through the energy
conversion until the produced energy carriers rtieeenergy demand.

5.1.1 Primary energy supply

The exogenously given annual supply potentiapply po} must be greater than or equal to the
amount of primary energy sources extracted in smne@upply_J. In other words, the amount
extracted of primary energy sources in any timéopesind region cannot exceed the supply available i
that region and time period. Equation (1) balartbesenewable energy sources that have an annual
supply limit.

supply_pot(primary, R, t) supply_1(R, primary, t); D)

The aggregated extracted fossil fuels in a regioply 3 must be less than or equal to the
exogenously given total fossil supply potentilply pot_ ). Values can be found in Table 26.

S (t_stepsupply_1(R, fossil, t)  supply_pot_Qfossil, R); 2)

17



Grahn et al. Descriptiortted global energy systems model GET-RC 6.1 16 July 2013.

5.1.2 Primary energy supply after trade

These equations balance the energy flow from thiable supply 1to supply tof wheresupply tot

includes the total amount of primary energy soumeesregion after import and export. Note thatyonl
the set "fuels" among the primary energy sourcaseatraded. Therefore, this balance is dividedl int
two equations. One with the set “fuels” and onénviitonfuels” that together cover the set "primary".

supply_tot(R, fuels, t) =supply_ 1(R, fuels, t) Hmp_prim(R, fuels, t) —
exp_prim(R, fuels, t); 3)

supply_tot(R, nonfuels, t) =supply_1(R, nonfuels, t); (4)

5.1.3 Energy conversion

The primary energy sources available in a regiter ahport and exports(pply _to) must be exactly
the same amount that is used in the energy comvefsn_cony box, for each region, for each time
step but regardless of energy conversion typeamtymred energy carrier. Note that resultsrinconv
are expressed in primary energy units (before griegsges).

supply_tot(R, primary, t) =S ype. e o (EN_conu(R, primary, e_out, type,)) (5)

To be able to constrain solar_CSP we use the follpequation to summarize all global CSP-
production.

tot_CSP(t) =Sk (supply_1(R, "solar_csp", J (6)

5.1.4 Produced energy carriers after trade

The following equations balance the energy flowrfrihe conversion modulerf_cony into secondary
energy carrierseergy_projl The energy carriers from the energy conversiodute are expressed in
secondary energy units (primary energy sourcesptiatl by the energy conversion efficiency
depending on type of conversion plagifi€)). Directly after the energy carrier have beerdpiced, it

is also possible to import and export the energgiera, i.e. H2, BTL and CTL/GTL. Note that trading
electricity over regions is currently not allowdal reality, trade of electricity will take placetheen
neighbor countries. However, we have assumedmteamodel where the world is divided in ten large
regions, the majority of electricity trade will agowithin the regions, and the trade between regisn
minor as well as in both directions and theref@suaned to be cancelled out.

The balance has been divided in two equationshandling the tradable energy carriers and the other
handling the non-tradable energy carriers.

energy_prodqR, nontrade_sec, t) S ype, e in (en_conv(R, e_in, nontrade_sec, type, t) *
effic (e_in, type, nontrade_sec);t) (7

energy_proqR, sec, t) =S ype, e in (en_conv(R, e _in, sec, type, t) *
effic (e_in, type, sec,))+ imp_sed(R, sec, t) exp_sedR, sec, t); (8)

5.1.5 Energy carriers that can be converted to othe  r energy carriers

Hydrogen and electricity are two energy carrieeg ttan be converted to other energy carriers, e.g.,
heat. They are therefore allowed to “loop back thimenergy conversion modukupply 3,” i.e.,
coverted a second time. The following equationaita the energy flow isupply 2 These equations
only apply to the set “second_in" (H2 and ELEC).
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Eq (9) show that the energy carriersimpply 2can be used as an incoming sourcerinconv The
incoming H2 and ELEC must be greater than or efgude amount of H2 and ELEC useckim conv
to produce other energy carriers, for each regmnehteme step, regardless of the plant type.

supply_2(R, second_in, t) S ype. e our (EN_conu(R, second_in, e_out, type);t) (9)

The new produced energy carriers, produced fromitRELEC, will not be delivered to the variable
energy_pro@nd can therefore not be traded or looped back thareonce. The new produced energy
carriers are instead directly delivered to the mexte in the model energy flow calledergy_deliv

The following equations make sure that the amotiriZzoand ELEC that goes back irta_conus less
than or equal to the difference betweerergy proc@ndenergy deliv

supply_2(R, "H2",t)  energy_prodR, "H2", t) —energy deli(R, "H2", t); (20)

supply_2(R,"elec",t)  energy prodR,"elec", t) —energy_deli(R,"elec", t); (1D

5.1.6 Total amount of energy carriers

The total amount of energy carriers that are alokElgo meet the energy demaraérgy deliy
contains the energy carriers producedrin convafter import and export as well as after the ladgre
hydrogen and electricity could be converted inteeoenergy carriers. Additional heat can also be
added teenergy_deliif heat has been produced in combined heat andmawduction plants. This
heat ¢g_hea)is not seen in the nodmergy produt goes directly fronan_conwvto energy_deliv
(which also was the case for the new produced greengiers from looping back H2 and ELEC).
Recall the energy flow, nodes and variable namdediing at Figure 2. The following equations
balance the production of)_heat

The amount ofg_heatequals all production where cogeneration typesnefgy conversion plants
have been used #n_convmultiplied with the conversion efficiency.

cg heai(R,t) = ch_e_in‘ ca_type, Cg_e_o({sn_conv(R, cg_e_in, cg_e_out, cg_type, t) *
heat_effic(cg_e_in, cg_type, cg_e_o);t) (12)

The heat produced in combined heat and power pigaidded teenergy delivin the following
equation, i.e. thagnergy delivmust be less than or equal to theergy proglus thecg heatThe
equation (13) only applies to the energy carriexdth.

energy_deli(R, “heat”, t)  energy prodR, “heat”, t) +cg_heaiR, t); (13)

5.1.7 Balancing heat and electricity demand

The final part of the energy flow is to balance émergy carriers to the exogenously given demaod. F
heat and electricity demand, this is done in thieviong direct equations (whereas it is more comple
for the transportation demand).

The total amount of heat availablngrgy deliy must be greater than or equal to the exogenously
given heat demand plus the additional heat neddbd model chooses to use CCS.

energy_deliR,"heat", t) heat_dem_reR, t) +heat_decarlfR, t); (14)
The total amount of electricity availablenergy deliy must be greater than or equal to the exogenously

given electricity demand plus the additional elietyr needed if the model chose to use CCS asasell
the additional electricity needed if the model ehtsuse PHEVsS or BEVs.
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energy_deli(R,"elec", t) elec_dem_re¢R, t) +elec_decarlfR, t) +elec_trsp(R, t); (15)

5.1.8 Balancing demand on fuels for transport

Since the energy needed for different engine tgiféars depending on technology specific energy
efficiency, the energy flows within the transpadatsector has to be separated.

The energy carriers are transferred to a variatie walledrsp _energyFor the non-electric vehicles,
the following equation balances the energy flowsetinenergy delivandirsp_energyi.e, regardless
of transportation mode or engine type e _energyequalsenergy delivfor non-electric vehicles.

S trsp_mode, e_typ(trsp_energXR, trsp_fuel_nonel, e_type, trsp_modé, &)
energy_deli(R, trsp_fuel_nonel, t); (16)

The following equation balances the electricitydusethe transportation sector. The total eledici
demand €lec_trsp for the transportation sector (i.e., freight rphssenger rail, high speed passenger
rail, PHEVs and BEVs) equals the amount of eleityritelivered into the model nodesp _energy

elec_trsp(R, t) = S ysp_mode, e_typ(trsp_energXR,"elec", e_type, trsp_mode);t) (a7)

The following equation balances fuels to each artsmode demand. The total fuel demaimsip(_den)
equals the fuels delivered intsp_energymultiplied with the engine type conversion factosg _cony.
The engine type conversion factor is needed taecbthe energy demand since different engine types
require different amount of energy, e.g, a fuel ergine is more efficient than an internal comlmust
engine and thus needs less energy for the sanelgddistance).

trsp_dem(R, trsp_mode, t) 5t,sp_fue., e_typf(trsp_energ)(R, trsp_fuel, e_type, trsp_mode, t) *
trsp_contrsp_fuel, e_type, trsp_mode);t) (18)

5.1.9 Fuel fractions for PHEVs

The following equation balances fuels for the philgybrids since they use both a liquid fuel and
electricity. The electricity driving fraction in FEVs is the exogenously given share the vehicle is
assumed to drive in electricity mode. We assumeBh&/CTL/GTL and Petro PHEVs have the same
elec_frac As a base case, it is assumed that PHEV carateperbattery mode 65% of its driving
distance ¢lec_frac_pheyv

The fuel delivered intersp_energyattended for PHEVs multiplied with the engine tyioeid fuel
conversion factort{sp_cony divided by the share that the vehicle runs otsf(@% for PHEV cars)
equals the electricity ittsp_energwattended for PHEVs multiplied by the engine typecticity
conversion factort(sp_cony divided by the share that the vehicle runs ontataty (65% for PHEV
cars).

S road_fue|_|iquid(trsp_energ;(R, road_fuel_liquid, "phev", vehicle, t) *
trsp_conv(road_fuel_liquid, "phev", vehicle, )ty (1 —elec_frac_pheyvehicle) =

trsp_energy(R, "elec”, "phev", vehicle, t)trsp_con\("elec", "phev", vehicle, t) /
(elec_frac_pheyvehicle); (19)

5.1.10 Fuels matching the number of cars and trucks

The following equation balances the fuel demanithéonumber of vehicles (the model must invest in at
least as many vehicles as there is fuel intendedifierent engine types). The fuel delivered into
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trsp_energynust be less than or equal to the annual capaoitk ef vehicles€ngine} divided by the
exogenously given total number of vehicles (whiehgrates a share of engine types) multiplied by the
exogenously given transportation demaimsi(_den) divided by the engine type conversion factor (to
compensate for that the demand depend on whiclmergpe is chosen). This equation applies to all
engine types except PHEVs, because fuel use departie electricity driving fraction (see below).

trsp_energy(R, road_fuel, non_phev, vehicle, t)
engineqR, road_fuel, non_phev, vehicle, )um_veh(R, vehicle, t) *

trsp_dem(R, vehicle, t) trsp_convroad_fuel, non_PHEYV, vehicle, t)G:001); (20)

The following equation balances the liquid fuel @ to the number of PHEVS. As base case it is
assumed that PHEV cars operate in battery moded5&driving distancedlec_frac_phe\v The fuel
delivered intdrsp_energynust be less than or equal to the annual capdoitk f vehicles€ngine}
divided by the exogenously given total number dfigtes (which generates a share of engine types)
multiplied by 35% of the exogenously given transgibon demandt(sp_den divided by the engine
type conversion factor. This equation applies t&&Wbl

trsp_energy(R, road_fuel_liquid, "phev", vehicle, t)

engineqR, road_fuel_liquid, "phev", vehicle, thim_veh(R, vehicle, t) *
(1—elec_frac_pheyvehicle)) * trsp_dem(R, vehicle, t) /

(trsp_conV(road_fuel_liquid, "phev", vehicle, t)8.001); (21)

5.1.11 Fuels to buses and ships

The investment cost for different engine technaegs an important part of the entire fuel and elehi
technology cost. However, investment costs foredéht engine technologies are only assumed for the
demand categories “cars” and “trucks.” Fuel changighin the demand categories “buses” and
“ships” are thus not connected to any additionaiale investment cost, in this model version. lagte
the mix of fuel choices generated for trucks aredly transferred to buses and ships. Since bbses,
not ships, can use HEVs, PHEVs, and BEVs, therdiffiexent equations relating fuels to buses and
ships.

The fuel delivered inttrsp_energyor buses equals the fuelstisp_energyor trucks (f_road)
multiplied by the transportation demand for busegldd by the transportation demand for trucks to
get the same fraction of each fuel.

trsp_energy(R, trsp_fuel, e_type,"p_bus", t) =
trsp_energy(R, trsp_fuel, e_type, "f road", t)ttsp_dem(R,"p_bus", t) /
trsp_dem(R,"f_road", t); (22)

Since the electric engine options cannot be useships, the fuel mix for ships differs from thesfu
mix used in trucks and buses. The share of fuelsHips is still related to trucks (f_road) to gskips
the same fraction of e_types and trsp_fuels asechiws trucks, except for fuels used for HEVSs,
PHEVSs, and BEVs. When these options are chosdreitrick demand category, additional fuels will
be needed for shipsxXtra_ship_fudl This extra ship-fuel is spread across conveatitethnologies
and fuel cells, see below.

The fuel delivered intérsp_energyor ships equals the fuelsirsp energyor trucks (f_road) plus the
addditional ship fuel needed if electric option bagn chosen for trucks, multiplied by the
transportation demand for ships divided by thegpantation demand for trucks.

trsp_energy(R, trsp_fuel, ic_fc, ship_mode, t) =
(trsp_energ)(R, trsp_fuel, ic_fc, "f_road", t) éxtra_ship_fue(R, trsp_fuel, ic_fc, ship_mode)t)
trsp_dem(R, ship_mode, t)ttsp_dem(R,"f_road", t); (23)
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The following equation calculates the additionabamt of ship-fuel, which is equivalent to the fuel
used in HEV, PHEV, and BEYV trucks.The additionabamt of ship-fuel ¢xtra_ship_fuglequals the
trsp_energywsed for HEV+PHEV+BEYV in the truck demand category

Strsp_fue., ic_c (extra_ship_fue(R, trsp_fuel, ic_fc, ship_mode, t)) =
Strsp_fue., hev_phev_beklI'SP_energyR, trsp_fuel, hev_phev_bev, "f_road", t)); (24)

5.1.12 Limitations on heavy electric vehicles

In this version of the GET-model, we have assurhadélectric engine options (PHEVs and BEVSs)
cannot be used for long-distance trucks but ormydeal distribution trucks. Also HEVs are assumed

to play a limited role in the long-distance freightegory. Long-distance trucks usually run onrogti
RPM and do not brake that often, i.e. not much fsgmergy” to charge HEV-batteries. As a base case
we assume that a maximum of 20% of the truck densatebory can be fulfilled with PHEVs and a
maximum of 20% of HEVsf(ac_phev_trucks0.20). The fraction of BEVSrac _bev truckgis set to
zero.

S,oad_fue|_“quid(trsp_energ)(R, road_fuel_liquid, hybrids, "f_road", t) *

trsp_conV(road_fuel_liquid, hybrids, "f_road", t{1 —elec_frac_phe{'f_road")))
frac_phev_truckg trsp_dem(R,"f_road", t); (25)

trsp_energy(R, "elec", "BEV", "f_road", t) *trsp_con\("elec", "BEV", "f_road", t)
frac_bev_truckg trsp_dem(R,"f_road", t); (26)

For buses we have assumed that HEVs and PHEVstthamsed for long-distance buses but only for
buses running local routes. As base case, we agbatn@ maximum of 60% of the bus demand
category can be fulfilled with HEVs and PHEVs. Trection of BEVs {rac_bev_busgds set to zero.

S,oad_fue|_nquid (trsp_energ;(R, road_fuel_liquid, hybrids, "p_bus", t) *
trsp_conv(road_fuel_liquid, hybrids, "p_bus", t(1 —elec_frac_phe{'f_road")))
frac_phev_busestrsp_dem(R,"p_bus", t); 27)

trsp_energyR, "elec”, "BEV", "p_bus", t)%rsp_cony"elec", "BEV", "p_bus", 1)
frac_bev_busestrsp_demR,"p_bus", t); (28)

5.1.13 Allowed energy conversion paths

Not all theoretical energy conversions optionsadi@ved, i.e. wind can produce electricity but hett,
petro or BTL/CTL/GTL. The matriXow_matrix controls which paths are allowed, where zerosén t
matrix represent allowed paths. The following egueacan, thus, only be fulfilled for zero markedhzsa

Skt (en_conuR, e_in, e_out, type,Jflow_matrix (e_in, type, e_out) &; (29)

Instead of equation (29), another option to make that the model will not use any of the forbidden
conversion paths is to make sure that the conveeditciencies for these paths are exactly zero.
Currently, when the conversion efficiencies areetubependent and initially 0.1 higher than mature
level, we have found it easier to use this flownratonstraint to be sure that the model only uses
allowed conversion paths.
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5.2 Import and export balances

The following equations balance the import and exfjows of both primary energy sources and
secondary energy carriers.

The import of primary energy sourcés\_prin) to one region must be exactly the same as has bee
exported from all other regions to the specifiaoadimp_prim_fron).

imp_prim(R_imp, fuels, t) =Sk ey, (imp_prim_from(R_imp, R_exp, fuels, ) (30)

The same applies to the export, where the exp@tiofary energy sourcesxp_prim) from one region
must be exactly the same as has been importetdthal regions from the specific region

(imp_prim_fron).
exp_prim(R_exp, fuels, t) =SR_imp (imp_prim_from(R_imp, R_exp, fuels, t)); (32)

The import and export equations are here repeatatié secondary energy carriers
imp_sedR_imp, sec, t) ;SR_exp (imp_sec_from(R_imp, R_exp, sec, t)); (32)

exp_sedR_exp, sec, t) 5R_imp (imp_sec_from(R_imp, R_exp, sec, t)); (33)

5.3 Investments and depreciation

In this section, equations balancing the investmard presented. Investments are available directly
i.e., investments can be used in the same timeastépe model decide on investing in additional or
new vehicles or energy conversion plants. New itments will add to the aggregated capacity stock,
and every year the capacity stock also depredaliesving the investment’s life time.

The initial capacity, for the energy conversionmnpéa is exogenously given for year 1990, as sedmein
following equation, i.e. capacity year 1990it( yeal) equals the exogenously given initial capacity
(init_cap plus 10 times the new investments made in 1986.Multiplication witht step(10 years) is

to scale up the investments done in one year tveecdming 10 years, since we have 10 year times step
in the model.

capacity(R, e_in, e_out, type, init_year) =
init_cap(e_in, e_out, type, R) & step* cap_inves(R, e_in, e_out, type, init_year); (34)

The following three equations balance the aggregaapacity (for all time steps except 1990), far th
energy conversion plants, for the vehicle engiassyell as for the infrastructure. The capacityaar
t+1 equals 10* the new investments done in yeaptid the existing capacity (in year t) multiplied
with the depreciation formula. In GAMS “exp” meahg number “e” followed by an exponent and
“log” means the natural logarithm, “In”. If a plastifetime is 25 years, then the depreciation folan
is

capacity(R, e_in, e_out, type, t+1) =
t step* cap_inves(R, e_in, e_out, type, t+1)eapacity(R, e_in, e_out, type, t)*
exp (t_steplog (1 - Ulife_plant(e_in, e_out, typg); (35)

engineqR, trsp_fuel, e_type, vehicle, t+1) =
t_step* eng_inves(R, trsp_fuel, e_type, vehicle, t+1)efigineqR, trsp_fuel, e_type, vehicle, t) *
exp (t_step* log (1 — 1/life_eng(trsp_fuel, e_type, vehicl); (36)
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infra (R, synfuel_gas, t+1) =
t_step* infra_invest(R, synfuel_gas, t+1) wfra (R, synfuel_gas, t) *

exp (t_step* log (1 — Ulife_infra (synfuel_gag)); (37)

5.3.1 Use limited by capacity

The following equations balance the amount of ciépé#e the use of energy conversion plants andafise
infrastructure (the model must invest in at leastnaich capacity as there is energy flows in differe
types of facilities).

For the energy conversion plants, the energy coedén different type of plantg(i_cony multiplied

by the conversion efficiencyffic) must be less than or equal to the aggregateditggéock multiplied
by the capacity factor (generally 0.75) multiplizdthe number of seconds per year (31.6 Ms/yr). The
capacity factorl{) and number of seconds per yddiséc_per_yedis needed to convert capacity
expressed in Watt into energy Joule/yr).

en_con\R, e_in, e_out, type, t)éffic (e_in, type, e_out, t)
capacity(R, e_in, e_out, type, t)If (e_in, type, e_out, R) ¥sec_per_year (38)

For the infrastructure, the delivered energyergy deliy must be less than or equal to the aggregated
capacity stock of infrastructure multiplied by #egpacity factorl{_infra) multiplied by the number of
seconds per year (31.6 Ms/yr). This is to convertdapacity expressed in Watt into energy expressed
in Joulefyr.

energy_deli(R, synfuel_gas, t)
infra (R, synfuel_gas, t)¥_infra (synfuel_gas) Msec_per_year (39)

5.4 Emission calculations

If the model chooses to use fossil fuels, the Eissions will be registered using emissions facto
(emis_fac) from the Swedish EPA (Naturvardsverket, 2013 Model does not include greenhouse
gases other than GO

5.4.1 Emissions

The CQ emissions are based on the energy flow in thakbrinodesupply tof which is the amount
of primary energy sources used in a region aft@oitnand export. This means that all Cde emitted
in the region that uses the primary energy sowfoetradable secondary energy carriers that contain
carbon in the fuel (i.e. CTL and GTL), the emissi@mne separated between the producing and using
region. That is, emissions originating from therggeconversion process are registered in the
“production region,” and the emissions from comigsthe fuel are registered in the “using region”
after import/export of secondary energy carrieptGred emissions from applying CGS ¢apt_tox

are subtracted from the total emissiongmissioi

c_emission(R, t) = Syessi (emis_fact(fossil) *supply_tot(R, fossil, t) -
c_capt to(R, t) —exp_sedR,"CTL/GTL", t) * emis_fact_syrn

imp_sedR,"CTL/GTL", t) * emis_fact_syn (40a)
c_emission_globat) =Sk (R, c_emission(R, 1)); (40b)
Sk (c_emission(R, t_h) = hist_fos_emigt_h); (40c)
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The emissions can be constrained using differeriskof strategies. In the GET model, we have four
different options: (i) apply a carbon tax, (ii) setonstraint on the maximum atmospheric, CO
concentration that will be met through the carbypeie module in the model, (iii) limit the global
emissions per time step following e.g., the WREvear(Wigley et al, 1996), or (iv) set an upper tion
the aggregated emissions over a certain time pefimdse the latter option, we need an equation
calculating the aggregated emissions, which is doeg (41) where the emissions made during time
period t (1990-2149) are summed up.

agg_emis= S (t_step* c_emissior(R, t)); (41)

5.4.2 Carbon capture and storage (CCS) and limitati  ons

The model allows for applying CCS technologies assil fuels as well as on biomass. In this model
version, CCS can be applied to the stationary greggtor (heat and electricity) but not to the
production of transportation fuels. In base cass,assumed that 90% of the carbon in fossil foals
be capturedi¢s_capt_effis0.9). We further assume negligible leakage ofest@Q, i.e. zero leakage
in the model.

The following equation calculates the annual tatabunt of carbonc( capt_fo}that has been
captured from fossil fuels, which equals the endlay passing the energy conversion module
(en_cony using the plant type “c_capt” multiplied by theogenously given emissions factors. The
reason for using “less than or equal” instead gii&” in the equation is that when using “less tban
equal,” the regions have the possibility of invegtin CCS-technology but can wait a decade or so
before using it.

c_capt_foqR, t)
S fossil e_out, ¢_capk€N_cONV(R, fossil, e_out, c_capt, tyemis_faci(fossil) * fos_capt_effi} (42)

Also when applying CCS on biomass heat and elé@gtpcoduction, we have assumed that 90% of the
carbon in the biomass can be captuied (capt effic0.9).

c_capt biqR,t) =

Se o c_capt (€N_conUR, "bio", e_out, c_capt, t) &mis_fac(("bio") * bio_capt_effig; (43)

The following equation adds the two CCS optioncdbed above together.

c_capt to(R,t) =c_capt biqR, t) +c_capt_foqR, t); (44)

The following equation calculates the aggregatgdurad carbon over the entire time period, 1990-
2149. Thec _capt_agds then constrained to an upper limit to maximize tse of CCS due to carbon
storage capacity. In base case, the globahpt agdgs maximized to 600 GtC. Although it is a global
limitation (and thereby indicate that CCS is nattrieted to storage locations), we assume thaillibe

possible to find local storage for all new built &@lants up until the global upper limit is reaclta
CCS costs are based on local storage).

c_capt_agg= Sg : (c_capt_to(R, t) *t_step; (45)

The expansion of CCS is also limited to an annualvth limit. In our base case, we have assumed a
maximum expansion rate (stor_maxgrof 100 MtC/decade.

The following equation limits the expansion of C&sfollows: all captured carbon (capt tdkin year
t+1 should be less than or equal to the amounajptfuced carbon in year t plus 100*10.
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Sk (c_capt_to(R, t+1) Sk (c_capt_to(R, t)) + c_stor_maxgt t_step (46)

CCS cannot be applied to all kinds of stationamgrgn use. In the base case, we have assumed that a
maximum of 30% of the entire heat demand can Blddl by CCS facilities ¢ capt heat £#0.30).

Sfums, ¢_capt (en_conv(R, fuels, "heat", c_capt,)t) c_capt_heat ff heat_dem_re@R, t); (47)

When applying CCS, the electricity use increasesesadditional electricity is needed in these energ
conversion plants compared to conventional pldris additional electricityglec_decarpis
calculated in eq (48) and added to the total edstrdemand in eq (15). The parametec_eleds
calculated as a fraction of varialle_convand differs for different CCS facilities but ligsa range of
0.025-0.04. Note that the following equation onlgs over the final energy carrier “heat”, i.e. when
CCS is applied on heat generation plants. When i8@gplied to plants producing electricity, the
additional electricity needed is accounted for aigeby lowering the energy efficiency for the
electricity production. Note also that we assunat tiegligible additional heat is needed when apglyi
CCs.

elec_decarlfR, t) = Syes (en_conuR, fuels, "heat", "CCS", t) Hec_eleqfuels));  (48)

5.4.3 Carbon cycle model

The GET model uses a carbon cycle model to cotiver€Q emissions into an atmospheric £0
concentration. The carbon contributiarmi(b_ctrf) depends on the G@missions registered when

using fossil fuels during the model rums ¢missiol, as well as estimated future emissions from land
use changeduyt luc_emi3 and estimated future biota sinkst( biota_sink¥times the factor given by
the impulse response functiofR{unc). Read more abouliRfunc in Section 3.2.5 Emissions and carbon
taxes and in Appedix 4.

carb_ctrb(T_all, T_all_copyF (fut_luc_emis(T_aII_copy) —fut_biota_sinkqT_all_copy) +
Sk c_emissior(R, T_aII_copy) * IRfunc (T_all, T_all_copy) (49)

The multiarray carbon contributiongrb_ctrfy is then summarized over T_copy to generate thealn
carbon contribution and transferred into an atmespltarbon concentration in ppm (by multiplying
with 0.28/600*10) and added to the pre-industraabon concentratiorp(e_ind_ccor#280 ppm).

atm_ccon{(T_all) =pre_ind_ccont#
(St ai_copy CArb_ctri(T_all, T_all_copy)) *0.28/600*10 (50)

5.5 Cost accounting
In this section, the equations calculating thesast presented.

5.5.1 Extraction cost on primary energy sources

When using the primary energy sources denotedsfueihich contains biomass, coal, oil, natural gas
and uraniumdgupply_J, it comes with an extraction cost. The primargrgly prices are exogenously
given (price). This primary energy cost is chartgethe region that extracts the source.

cost_fuellR, t) = Sqes (SUpply_1(R, fuels, t)*price (fuels, R)) (51)
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5.5.2 Investment cost and O&M cost

The total annual investment cosbgt_capis an addition of the calculated cost for newated
capacity in energy conversion plantsf _invest new vehiclesgng_invest and new installed
infrastructure iffra_inves).

cost cagR, t) =

S in e ou ype(cap_inves(R, e_in, e_out, type, t)¢ost_inv_mode_in, e_out, type, ky+
S road_fuel, e_type, Vehm(eng_inves(R, road_fuel, e_type, vehicle, t) *
cost_eng_modroad_fuel, e_type, vehicle)t}

S yniel_gas(infra_invest(R, synfuel_gas, t) tost_infra_modsynfuel_gas) (52)

The operation and maintenance (O&M) cost is catedlas a fractionGM_cost_f) of the investment
costs. The parametérM_cost_fris in general 0.04. The parametest_inv_mods the initial plant
investment cost adjusted for different investment discount rates, calculatedasst_inv_moge_in,
e_out, type, t) Tost_ine_in, e_out, type, t) *(invest+ 1life_planie_in, e_out, type))
/(r+1/ife_plani(e_in, e_out, type)). The fraction of the modifiadestment cost is multiplied by the
energy flow in the energy conversion modwda (cony, multiplied by the energy efficiency, and
divided by 31.6 Ms/yr and the capacity factidy generalized to 0.7, see eq (53).

OM_cost(R, ) =S¢ ine o type(OM_cost_fr(e_in, e_out) ftost_inv_mode_in, e_out, type, t) *
en_conR, e_in, e_out, type, t)é&ffic (e_in, type, e_out, t)IV’Isec_per_yeai@.?); (53)

5.5.3 Costs for carbon storage and carbon tax

When CCS is used, an additional cost will comehandistribution and storage of the carbon. Total
captured fossil carbor (capt foyis multiplied by the storage costoit strg_fogplus the same for
bioenergy CCS.

cost c strdR,t) =c _capt fo{R, t) *cost_strg_fos
c_capt_bidR, t) * cost_strg_bip (54)

Biomass-based heat and electricity facilities gpécal smaller than the fossil based options.
Distributing the captured carbon from bioenergy Gilzhts will therefore be slightly more costly.
The following equation calculated this additionast

cost_c_hio_trsgR, t) = Se ou, ¢ cap(€N_CONUR, "bi0", €_out, c_capt, Xy
c_bio_trspcost (55)

In the GET model, there are different possibiliteseduce the C{emissions. If applying a carbon
tax, the cost of this tax will be calculated in tbbowing equation.

tax(R, t) =c_emissionR, t)*c_tax(R, t); (56)

5.5.4 Import costs

The following equation calculates the cost for $ortation when importing primary energy sources.
The transportation cost contains of a fixed panp( cos) and a linear costrip_cost_lir) depending
on the distance.

tot_trspcost_prin(R, t) = Stueis, r_exp (imp_prim_from(R_imp, R_exp, fuels, t) *
(imp_cost(fuels) +distance(R_imp, R_exp) imp_cost_lin(fuels))); (57)
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The following equation calculates the cost for $ortation when importing secondary energy carriers
The transportation cost contains of a fixed panp( costy and a linear cost depending on the distance
(imp_cost_lin2.

tot_trspcost_se(R, t) = Scec,r exp (imp_sec_fron(R_imp, R_exp, sec, t) *
(imp_cost2(sec) +distance(R_imp, R_exp) imp_cost_lin2(sec)); (58)

5.5.5 Total annual costs

The following equation calculates the total anragat @nnual codtby adding the different annual
costs together, i.e. the cost of primary energyaasitost fue), the investment costsdst_caj, the
O&M costs OM_cos), the carbon storage cosbét_c_str)y the additional bio-CCS distribution cost
(cost_c_bio_trsp the transportation costs when importing primamgrgy sourcesdt_trspcost_prim
as well as secondary energy carriens (rspcost_sggand the eventual carbon td=.

annual_cos(R, t) = cost_fuel(R, t) tcost_capR, t) +OM_cost(R, t) +cost_c_strqR, t) +
cost_c_bio_trsfR, t) #ot_trspcost_prinfR, t) +tot_trspcost_se(R, t) +tax (R, t);  (59)

5.5.6 Total aggregated costs and objective function
The following expression shows the discountingdaated in this model:

Note that “ORD” is a GAMS operator which generatgsgers from the position in the set, e.g.
ORD(1990)=1 and ORD(2000)=2.

The following equation calculates the total aggtedaost for the entire global energy system aver t
time period 1990-2149. This is the variable thahigimized in the objective function, see eq (he
total cost {ot_cos) equals 10 times the annual cost divided by teeadint factor:

tot_cost= Sg; (t_step* annual_cos(R, t)/ ((1+n)*(t_steg (ORD (t) -1)))); (60)
Finally, the following is the objective function:

Minimize tot_cost (61)

5.6 Restrictions, limitations and adjustments

In this section, various constraints, restricticarg] limitations are presented in order to gentdel to
generate results that are closer to reality ordleoto force the model to generate a specificaien

5.6.1 Choosing CCS/CSP scenarios

In GET-RC 6.1, we analyze how technology developnrethe stationary energy sector impacts cost-
effective fuel and technology use in the transpianiesector. We have chosen to run 4 technology
scenarios, i.e. (A) neither CCS nor CSP availg@gonly CCS available, (C) only CSP available, or
(D) CCS and CSP both available. To switch betwberfaur scenarios we activate and deactivate the
following two restrictions.

This restriction should be activated when runniognsirios where CSP is assumed to not make it as a
future low cost renewable electricity option.
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tot CSRup (t) =0; (62)
The variablec-capt_toiis set to zero if CCS is assumed to not be largke svailable in future.

c_capt_towup (R, t) =0; (63)

5.6.2 Limitations on co-generation and intermittent energy

Co-generation plants, where both electricity arat legenerated, are assumed to not be a realistic

option in all cities all over the world. Therefomee have included an upper limitation of how muth o
the electricity and heat demand that can come fromeneration plants. In this model version, both

fractions Cogen_fr_eandcogen_fr_hare set to 20%.

ch_e_m, Cg_type(en_conv(R, cg_e_in, "elec”, cg_type, t) *
effic (cg_e_in, cg_type, "elec",)t) cogen_fr_er elec_dem_re¢Rr, t); (64)

S g e in, cq_type, lm,_@_(,u(en_con\/(R, cg_e_in, cg_e _out, cg_type, t) *
heat_effic(cg_e_in, cg_type, cg_e_o)Jt) cogen_fr_I* heat_dem_reR, t); (65)

Electricity from intermittent energy sources (wiaad direct solar), without electricity storage sash
hydrogen production, is maximized to 30% of totat#icity production.

en_convR,"solar", "elec", "0", t) +en_conR,"wind", "elec", "0", t)
interm_fr* energy_deli\ R, "elec", t); (66)

5.6.3 Initialization of capacity

The following restrictions set the initial level oapacity. The added small number that increages th
number of vehicles in 1990 is only there to avoi@asible solution when initial capacity for petoin
production should match the amount of vehiclesl&80. It is extremely difficult in a rough model to
find the exact match. Increasing the number ofalehifor 1990 will not affect the result on cost-
effective fuel and vehicle technology solution the larger the added value the lower the overall co
(lower the need to invest in conventional petrolexghicles in 2000).

infra.fx (R, synfuel_gas, init_year) @ (67)

enginedx (R, trsp_fuel, e_type, vehicle, init_yearpz= (68)

enginedx (R,"petro", "0", "p_car", init_year) =
num_veh(R,"p_car", init_year) +0.001 (69)
enginedx (R,"petro", "0", "f_road", init_year) =
num_veh(R,"f_road", init_year) +0.00] (70)

5.6.4 Limitations on technology growth and deprecia tion

To capture natural global energy system inertiahase included limitations on how fast new (as asl|
conventional) technology can grow. Growth is restd in both relative and absolute senses. Thetbrow
limitations on energy conversion plants are givelow. Note that “log” refers to natural logarithm,
sometimes denoted “In”.

capacity(R, e_in, e_out, type, t+1)
capacity(R, e_in, e_out, type, t) * e>(m_ste|cflog (l+cap_g_lin)) +init_plant(R); (72)
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capacity(R, e_in, e_out, type, t+1) capacity(R, e_in, e_out, type, t) +
max_exp_g(e_in, e_out, type, R, tIf (e_in, type, e_out, R) 8.0001); (72)

The following two equations limit the growth onras$tructure:

infra (R, synfuel_gas, t+1)
infra (R, synfuel_gas, t) * exp (steff log (1+infra_g_lim))+ init_infra (R); (73)

infra (R, synfuel_gas, t+1) infra (R,synfuel_gas, t) #nax_inv_infra(R, t)/
If_infra (synfuel_gas); (74)

The following equation limits the growth on engirfeamber of engines equal number of vehicles).
Vehicle growth is not restricted by absolute nursber

engineqR, trsp_fuel, e_type, vehicle, t+1)
engineqR, trsp_fuel, e_type, vehicle, t)* exp tep* log (1+eng_g_lim)+
init_eng(R); (75)

Growth expansion rates are also applied on thaetidn of fossil energy sources as well as biomass
production. First, a relative limitation followed byvo equations that limit the growth on fossil ias
well as biomass in absolute numbers.

supply_1(R, fuels, t+1) supply_1(R, fuels, t) * expi( step* log (1+ supply_g_lin)) +

init_supply(R) * Msec_per_year (76)
supply_1(R, fossil, t+1) supply_1(R, fossil, t) +max_exp(R, t); (77)
supply_1(R,"bio", t+1)  supply_1(R,"bio", t) +max_exp_bidR, t); (78)

Although the maximum expansion constraints abowed\wower increases unrealisticly rapidly,
therefore we added a constraint on wind powerdhah 10-year timestep may not exceed a 200%
increase.

S ype, e ou€N_cOnV(R,"wind", e_out, type, t+})
3* Sype, e ou€N_cony(R,"wind", e_out, type, )) (79)

In the real world, there is also inertia on how fashnologies will be phased out. In cost-minimigi
models, technologies will most often be used thefire life time, i.e. a sufficient representatn
natural interia. However, for the fuel “petro” aslias for all engine types, we have chosen taohel
two decay limitations, see eq (80) and (81). Petnwl based fuels in a specific time step can nexver b
lower than 70% of the previous time stepx( decay frac_djl To be able to reach zero, the equation
also include an absolute number(_decay_abs_9ibf x EJ, depending on the time step and region,
that subtracts the final “tail” of the out-goingelwusage.

en_conv\R, "ail", "petro”, "0", t+1)
en_conv\R, "oil", "petro”, "0", t) *mx_decay_frac_o#-mx_decay_abs ofR, t); (80)
S ype (irsp_energyR, trsp_fuel, e_type, trsp_mode, t}1)

S ype (irsp_energyR, trsp_fuel, e_type, trsp_mode) 1)
mx_decay_frae-mx_decay_abfR, t); (81)
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For all energy conversion paths, there is alsstiction that at least 75%i1(_conv_decr_lipnof the
energy conversion in the earlier time step wiluised. To cut the last tail of an out-going patbmell
constant value in E&(_conv_diswill be subtracted.

en_convR, e_in, e_out, type, t+1)

en_conv_decr_lirt en_conR, e_in, e_out, type, t)en_conv_digR, t); (82)

5.6.5 Technology limitations, restrictions and adju stments

In this section, we have presented different tetdgyolimitations, restrictions, and adjustmentsdise
the model.

The following restriction forces a highspeed tri@imun on electricity. A high speed train is othessva
fraction of the demand for passenger aviation.

trsp_energyx (R,"elec”, "0", "p_air", t) =
high_speed_trai(R, t)* trsp_dem(R,"p_air", t) /trsp_con\"elec", "0", "p_air", t); (83)

The upper limit on storage capacity for carbon gagis set to 600,000 MtC.

c_capt_agap =60000Q (84)

To make sure that the model does not use CCS h28d@ we have added the following restriction:
c_capt towup (R, t 1990 2010) &, (85)

Also to make sure that the model does not usenaltiee fuels for aviation before year 2010, we have
added the following restriction:

energy_delivix (R,"air_fuel”, t 1990 2010 §; (86)

In all model runs, the following restriction is aetted, i.e. we assume that hydrogen will not be
available as a fuel for aviation.

en_conwp (R, "h2", "air_fuel", type, t) &; (87)

Fuel cells will not enter the scenarios until fbssnventional technologies have reached a high cos
Usually fuel cells will enter sometimes between@@&d 2100 in our model runs. However, to be sure
that the model does not generate unrealistic kgesu#t have included the following restriction, whic
forbids fuel cells (fc) to enter the scenarios bef2030.

trsp_energyp (R, trsp_fuel, "fc", trsp_mode, "1990"\Cs
trsp_energyp (R, trsp_fuel, "fc", trsp_mode, "2000")Cs
trsp_energyp (R, trsp_fuel, "fc", trsp_mode, "2010")Cs
trsp_energyp (R, trsp_fuel, "fc", trsp_mode, "2020")Cs (88)

To make sure that the model does not invest in HENVRHEV's before 2010, we have added the
following restriction:

enginedx(R, trsp_fuel, hybrids, vehicle, t_ 1990 2010);= (89)

In this model version, we assume that the contiobutf nuclear power (in EJ) will remain at 2010
year level in all regions. In GAMS, this is congtied using the command “.fx”, see eq (90).
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supply toifx (R, "nuclear”, t 2010 2140) =

R NAM EUR PAO FSU AFR PAS LAM MEA CPA SAS
EJ 953 11 403 274 014 025 023 O 0.47 0.38

(90)
Solar based heat is limited in absolute numbers€gdn) following eq (91).
en_conwp (R,"solar", "heat", "0", t) =
R NAM EUR PAO FSU AFR PAS LAM MEA CPA SAS
EJ 032 052 0.13 028 056 049 049 031 142 129
(91)

To simulate actual use of traditional biomass ohidn(SAS) and China (CPA), the following
restrictions have been included, defining the mimimamount of biomass based heat, see eq (92) and
(93).

en_convo ("SAS","bio","heat","0", t) =

t 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120
EJ 15 15 15 15 15 15 15 12 10 8 6 4 2

(92)

en_convo ("CPA","bio","heat","0", t) =

t 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120
EJ 15 15 15 15 15 15 15 12 10 8 6 4 2

(93)

When analyzing the results, we have identified eéhtbsit are too unlikely to occur. The following fou
restrictions adjust results on oil, gas, wind, hgdro for year 2010.

When the model was coded, it was only four yeansf2010, and a huge decrease on oil and gas were
not seen to be likely. Therefore, we assumed tieatecrease on oil and gas use between year 2000
and 2010 may not exceed 10%.

supply_tot(R, "oil", "2010")  0.9* supply_toi(R, "oil", "2000"); (94)

supply_tot(R, "NG", "2010")  0.9* supply_tot(R, "NG", "2000"); (95)

For wind and hydro use, the results for year 20f@vsan increase that is unlikely to occur. Therefor

we have added a restriction that the increase od power between year 2000 and 2010 may not exceed
100%.

S ype, e ou€N_conR,"wind", e_out, type, "2010))
2* S ype, e ou€N_cONYR,"wind", e_out, type, "2000)) (96)

The increase on hydro power between year 2000 @bd 2ay not exceed 50%.

S ype, e ou€N_conR,"hydro", e_out, type, "2010))

1.5* S ype. e ou€N_cony(R,"hydro”, e_out, type, "2000)?) (97)

For the two largest biomass producing regions,nLAtherica (LAM) and Africa (AFR), the maximum
expansion constraint is shown to be too hard. tfagjusted, the biomass production in these regiolhs

not reach their given upper supply potential uadtiér year 2100. Following the literature, it isspible
for these regions to reach their maximum supplgpidl around year 2050-2060 (see e.g., Johansson e
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al, 1993; Hoogwijk, 2004). We have therefore inseghthe max_exp bid with a factor of four for
LAM and a factor of two for AFR; see the two follmg adjustments.

max_exp_bia"LAM", t) = 4* ((elec_dem_re@’LAM", t) +
heat_dem_re'LAM", t) + S ysp_mose(trsp_dem("LAM", trsp_mode, t)) /
(Msec_per_yee’irt_step) * global_max_exp_pb (98)

max_exp_bia"AFR", 1) = 2* ((elec_dem_re'AFR", t) +
heat_dem_re¢'AFR", 1) + S s, moae(trsp_den("AFR", trsp_mode, })) /
(Msec_per_yee’irt_step) * global_max_exp ;b (99)

5.6.6 Correcting results for 1990 and 2000

To correct for actual emissions (MtC) in the foudustrialized regions, we have included the follugvi
restrictions.

c_emissiorfx (R, t) =

t\R NAM EUR PAO FSU

1990 1596 1256464 999
2000 1931 1247603 690
2010 1875 1271508 854

(100)
To correct for actual use of primary energy soufé@wing IEA B2020), we have included the
following restrictions for year 1990 and 2000.

supply totlo (R, e_in, “1990") =

e in\R NAM EUR PAO FSU AFR PAS LAM MEA CPA SAS

coal 20 20 55 12 31 28 07 013 229 41
oil 38 28 14 17 38 34 66 6.1 48 5.1
NG 21 12 25 23 13 1 23 32 066 14
nuclear 75 88 28 23 009 017 0.1 0 0 0.26
hydro 21 17 04 08 02 022 13 0.05 046 0.32
bio 32 22 04 08 81 51 32 004 84 76
(101)
supply totlo (R, e_in, “2000") =
e in\R NAM EUR PAO FSU AFR PAS LAM MEA CPA SAS
coal 24 148 7.5 7 375 417 09 0.33 276 6.26
oil 45 30 17 8 455 574 9.1 946 965 8.6
NG 27 173 45 20 216 212 36 6.74 118 3.17
nuclear 9.5 105 4 24 014 0.25 0.13 0 0.18 0.38
hydro 23 21 05 08 026 024 199 0.05 0.8 0.36
bio 39 31 07 05 1037 588 3.26 0.04 8.98 8.82
(102)

We have also decided to adjust the main oil tr&d@ {or some years, regions, and initial years,
following BP statistical review (BP, 2009). For semegions, we have set a lower bound and for others
we have set an upper bound.
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imp_primlo (R,"ail", t) =
t\R NAM EUR PAO
2000 13 18 9.5
2010 17 24 10
2020 17

(103)

exp_primlo (R,"oil", t) =
t\R MEA

2000 44.5

2010 49

(104)
exp_primup (R,"ail", t) =

t\R NAM EUR PAO

2000 O 0 0
2010 O 0 0

(105)

5.6.7 Carbon emission scenarios

There are four ways of constraining £€mnissions in this model version. We can (1) putiper limit
on the entire carbon budget, i.e. summarized dveegions and all time steps, (2) put upper lingits

each time step’s C{emission, (3) set an upper limit on the LOncentration in ppm, or (4) apply a
carbon tax.

In this model version, we have not used carbonstaxel therefore eq (106) is set to zero.
c_tax(R, t) =0; (106)

To constrain the COemissions, we have chosen to apply upper limitsamh time step’s global GO
emission (MtC), following so called WRE-curves (g et al, 1996). When running different
scenarios, one of the following four WRE curvesQ4460 500 or 550 ppm) will be activated.

c_emission_globalp (t) =

t 2010 2020 2030 2040 2050 2060 2070 2080 2090 210 2120 2130-
2140

400 8936 8063 6463 4804 3525 2705 2240 1994 187@6 18824 1822 1820

450 8780 8297 7443 6467 5556 4770 4121 3596 31849 22658 2502 2371

500 9072 9292 9092 8551 7812 6992 6195 5469 483B8 43886 3541 3250

550 9364 10287 10741 10635 10086 9214 8269 73422 64346 5114 4580 4129

(107)

The following restriction can be activated if alghd carbon budget will be used as method to cadnstra
the CQ emissions. This restriction is NOT activated iis tinodel version.

agg_emisup = 360000; (-)

The following restriction can be activated if alghd CG concentration (ppm) will be used as method to
constrain the Coemissions. This restriction is NOT activated irs timodel version.

atm_cconiup ("2100") = 450; (-)
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6. Output

To analyze the model results, we plot a selectforanables and present them in figures. When
verifying that the model runs properly, hundredslifferent figures are generated and compared. In
scientific papers, we have focused on presentisgiteeon cost-effective fuel and technology choices
for passenger cars (Figure H in the code belowthisection, we present the model code for the
thirteen most interesting and relevant figures.seh&3 figures are presented from a run assuming tha
both CCS and CSP are available technologies an@@hecenario is 450 ppm in 2100 (see Figures 3-
15).

EE00EE0EERO0

as

Figure 3. Results on primary energy sources. The figumaled “Figure A” in the GAMS output code below

EmEBDO

B 0O

EEE0OO0O®

as

Figure 4. Results on electricity use with values expreseseskcondary energy terms. The figure is calledufgg
B” in the GAMS output code belaw
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Figure 5. Results on heat production with values expressesgdondary energy terms. The figure is called

“Figure C” in the GAMS code below
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Figure 6. Results on fossil fuels with values expressedoordary energy terms. The figure is called “FigDie

in the GAMS code below
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Figure 7. Results on C@concentration. The figure is called “Figure E'tle GAMS code below
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Figure 8. Results on C@emission and CCS. The figure is called “Figurerrtie GAMS code below.
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Figure 9. Results on fuel and technology choices for diffiéteansport modes with values expressed in

secondary energy terms. The figure is called “Fégaf in the GAMS code below

37



Grahn et al. Descriptiortied global energy systems model GET-RC 6.1 16 July 2013.

o

ek
= o~
o

()

~NM++0

PN
N

<
L]

-~
[SEN)

\_,
[N

O0O0OEEENODNCONEDEEOE
o=
+

ST AT ST
N

w
=
+

Figure 10.Results on fuel and technology choices for cath values expressed in secondary energy terms. The
figure is called “Figure H” in the GAMS code belowhis is the most frequently used figure in our stifec
papers.

Figure 11.Results on energy carriers for the transport sewith values expressed in secondary energy terms.
The figure is called “Figure 1" in the GAMS codelbw.
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Figure 12. Results on biomass use with values expressedandary energy terms. The figure is called “Figure
J” in the GAMS code below.
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Figure 13.Results on NG use with values expressed in secpetergy terms. The figure is called “Figure K”

in the GAMS code below
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Figure 14.Results on oil use with values expressed in seamyrehergy terms. The figure is called “Figure b” i

the GAMS code below.
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Figure 15.Results on coal use with values expressed in seeprenergy terms. The figure is called “Figure M”

in the GAMS code below.

39



Grahn et al. Descriptiortted global energy systems model GET-RC 6.1 16 July 2013.

There are several ways of plotting results from GBAMVe present a way via a “dat-file” into an Excel-
file. The figures are made once as master figuremiExcel-file, and links are made to the dat-file

In the GAMS code, we first need to write a comm#éorctcreating a “dat-file”, here called
“output_data.dat”. Since the model output somedigantains a lot of information per row, we have
added a command “RES.pw” to increase the upper anhajuetters per row.

The output loops are specifically coded to gendtadigures of interest. Currently, no additiosats
are introduced, which is otherwise an option t@ble to code the output loops more efficiently. The
loops are therefore sometimes very long, very $ipeand not that flexible. If for example new faeair
technologies are introduced to the model, the dugmps must be rewritten. Readers of this repant ¢
likely create more efficient and flexible outputhemands in their optimization tools.

Some of the commands in the code are here explained

L The variables’ "normal result"(another choiseeig. .M for marginal values).

TL In each run of the loop the next element iretvall be printed out.

7:2; The result will be presented as maximumgitslirounded to maximum 2 decimals.
/; New row.

sum Summation. The sets presented before the camihtee summarized. If sum over two or more
sets the sets will be presented in a parenthesis.
* A row starting with an asterix will not be prirte

As before, the GAMS program does not distinguigiwben capital or lower case letters. Here is the
GAMS code, creating the 13 most relevant figureg (Sigure 3-15):

Fkkk Fkkk Fkkk

file RES / output_data.dat /;
put RES;
RES.pw = 600;

*Figure A
*SUPPLY_TOT GLOBAL (EJ) - the amout of primary eggrsources used (with CCS marked in the figure)
put "the amount of primary energy sources uséth (@CS marked)"; put /;
put "GLOBAL (EJ)"; put /;
put ";1990;2000;2010;2020;2030;2040;2050;2060022780;2090;2100;2110;2120;2130;2140"; put/;
loop ( primary,
put primary.TL;
loop (t,
put ™"
put sum ((R,e_out), (en_conv.L(R, primanow, "0", t)+
en_conv.L(R, primary, e_out, "cq)):7:2;
); put/;
)i
loop ( primary,
put primary.TL; put ".ccs";
loop (t,
put "
put sum ((R,e_out), (en_conv.L(R, primaryow, "ccs", t)+
en_conv.L(R,mairy, e_out, "cg_ccs", t))):7:2;
); put/;
); put/; put/; put /;
*Figure B
*GLOBAL ELECTRICITY USE - the amount of electricitysed globally expressed in secondary energy terms €eg&ated).
put "GLOBAL (EJ)"; put "electricity use - seatary energy"; put /;
put ";1990;2000;2010;2020;2030;2040;2050;2060022780;2090;2100;2110;2120;2130;2140"; put/;
loop (e_in,
put e_in.TL;
loop (t,
put ;"
put sum(R,(effic (e_in, "0", "elec",t)* erorv.L(R, e_in, "elec", "0", t)+
effic (e_in, "cg", "elet* en_conv.L(R, e_in, "elec", "cg", 1))):7:2;
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); put/;
)i
put "coal.ccs";
loop (t,
put "
put sum(R,(effic ("coal", "ccs", "elec",tgn_conv.L(R, "coal", "elec", "ccs", t)+
effic ("coal", "cg_ccs'eléc”,t)* en_conv.L(R, "coal", "elec", "cg_ccs")t}):2;
); put/;
put "oil.ccs";
loop (t,
put ™",
put sum(R,(effic ("oil", "ccs", "elec",t)*e conv.L(R, "oil", "elec", "ccs", t)+
effic ("oil", "cg_ccs", l&x",t)* en_conv.L(R, "oil", "elec", "cg_ccs", t)}):2;
); put/;
put "NG.ccs";
loop (t,
put "
put sum(R,(effic ("NG", "ccs", "elec",t)* enonv.L(R, "NG", "elec", "ccs", t)+
effic ("NG", "cg_ccs", &",t)* en_conv.L(R, "NG", "elec", "cg_ccs", 1)))Z:
); put/;
put "bio.ccs";
loop (t,
put "
put sum(R,(effic ("bio", "ccs", "elec",t)heconv.L(R, "bio", "elec", "ccs", t)+
effic ("bio", "cg_ccs",l&e",t)* en_conv.L(R, "bio", "elec", "cg_ccs", t)J)2;
); put /; put /; put/;
*Figure C
*GLOBAL HEAT - the amount of heat used globally (CE&&parated).
put "heat - secondary energy"; put /;
put "GLOBAL (EJ)"; put /;

put *;1990;2000;2010;2020;2030;2040;2050;2060022080;2090;2100;2110;2120;2130;2140";

put "bio";
loop (t,
put "
put sum(R,(effic ("bio", "0", "heat",t)* esonv.L(R, "bio", "heat", "0", t)+
heat_effic ("bio", "cg'eléc™)* en_conv.L(R, "bio", "elec", "cg", 1))):7:2;
); put/;
put "bio-ccs";
loop (t,
put ™"
put sum(R,(effic ("bio", "ccs", "heat",t)heconv.L(R, "bio", "heat", "ccs", t)+
heat_effic ("bio", "cg_~tcselec™)* en_conv.L(R, "bio", "elec", "cg_ccs")P7:2;
); put/;
put "solar";
loop (t,
put "
put sum(R,(effic ("solar”, "0", "heat",t)heconv.L(R, "solar", "heat", "0", 1))):7:2;
); put/;
put "gas";
loop (t,
put ™",
put sum(R,(effic ("NG", "0", "heat",t)* enonv.L(R, "NG", "heat", "0", t)+
heat_effic ("NG", "cg",|ée")* en_conv.L(R, "NG", "elec", "cg", 1))):7:2;
); put/;
put "NG-ccs";
loop (t,
put "}
put sum(R,(effic ("NG", "ccs", "heat",t)* econv.L(R, "NG", "heat", "ccs", t)+
heat_effic ("NG", "cg_ce88lec)* en_conv.L(R, "NG", "elec", "cg_ccs", t)))2;
); put/;
put "oil";
loop (t,
put "}
put sum(R,(effic ("oil", "0", "heat",t)* eonv.L(R, "oil", "heat", "0", t)+
heat_effic ("oil", "cg"elec”)* en_conv.L(R, "oil", "elec", "cg", 1))):7:2;
); put/;
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put "oil-ccs";
loop (t,
put ™",
put sum(R,(effic ("oil", "ccs", "heat",t)’ne conv.L(R, "oil", "heat", "ccs", t)+
heat_effic ("oil", "cg_c¢¢selec™)* en_conv.L(R, "oil", "elec", "cg_ccs" )7:2;
); put/;
put "coal";
loop (t,
put "}
put sum(R,(effic ("coal", "0", "heat",t)* enonv.L(R, "coal", "heat", "0", t)+
heat_effic ("coal", "cg&lec")* en_conv.L(R, "coal", "elec", "cg", 1))):7;2
), put/;
put "coal-ccs";
loop (t,
put "
put sum(R,(effic ("coal”, "ccs", "heat",#h_conv.L(R, "coal", "heat", "ccs", t)+
heat_effic ("coal", "cgstc"elec")* en_conv.L(R, "coal", "elec", "cg_cc$))):7:2;
), put/;
put "elec";
loop (t,
put ;"
put sum(R,(effic ("elec”, "0", "heat",t)* econv.L(R, "elec", "heat", "0", 1))):7:2;
); put/;
put "H2";
loop (t,
put "}
put sum(R,(effic ("H2", "0", "heat",t)* enoov.L(R, "H2", "heat", "0", t)+
heat_effic ("H2", "cg",|ee")* en_conv.L(R, "H2", "elec", "cg", 1))):7:2;
); put/; put /; put /;
*Figure D
*The accumulated used of fossil fuels as percentégatire supply potential
put "accumulated percentage of global fossil fisgdlin each time step”; put /;
put ";1990;2000;2010;2020;2030;2040;2050;2060;220080;2090;2100;2110;2120;2130;2140"; put/;
loop ( fossil,
put fossil.TL;
put "}
put ((sum(R, t_step*supply_1.L(R, fossil, "199¥sum (R, supply_pot_0 (fossil, R)))*100)
put *;";
put (((sum(R, t_step*supply_1.L(R, fossil, "1990(sum (R, supply_pot_0 (fossil, R)))*100)
+((sum(R, t_step*supply_1.L(R, fossil, "20P¥(sum (R, supply_pot_0 (fossil, R)))*100))
put *;";
put (((sum(R, t_step*supply_1.L(R, fossil, "199¥(sum (R, supply_pot_0 (fossil, R)))*100)
+((sum(R, t_step*supply_1.L(R, fossil, "20)¥(sum (R, supply_pot_0 (fossil, R)))*100)
+((sum(R, t_step*supply_1.L(R, fossil, "20D¥(sum (R, supply_pot_0 (fossil, R)))*100))
put *;";
put (((sum(R, t_step*supply_1.L(R, fossil, "1990(sum (R, supply_pot_0 (fossil, R)))*100)
+((sum(R, t_step*supply_1.L(R, fossil, "20P¥(sum (R, supply_pot_0 (fossil, R)))*100)
+((sum(R, t_step*supply_1.L(R, fossil, "20D¥(sum (R, supply_pot_0 (fossil, R)))*100)
+((sum(R, t_step*supply_1.L(R, fossil, "20p¥(sum (R, supply_pot_0 (fossil, R)))*100))
put *;";
put (((sum(R, t_step*supply_1.L(R, fossil, "1990(sum (R, supply_pot_0 (fossil, R)))*100)
+((sum(R, t_step*supply_1.L(R, fossil, "20)¥(sum (R, supply_pot_0 (fossil, R)))*100)
+((sum(R, t_step*supply_1.L(R, fossil, "20D)¥(sum (R, supply_pot_0 (fossil, R)))*100)
+((sum(R, t_step*supply_1.L(R, fossil, "20p¥(sum (R, supply_pot_0 (fossil, R)))*100)
+((sum(R, t_step*supply_1.L(R, fossil, "2083¥(sum (R, supply_pot_0 (fossil, R)))*100))
put *;";
put (((sum(R, t_step*supply_1.L(R, fossil, "1990(sum (R, supply_pot_0 (fossil, R)))*100)
+((sum(R, t_step*supply_1.L(R, fossil, "20P¥(sum (R, supply_pot_0 (fossil, R)))*100)
+((sum(R, t_step*supply_1.L(R, fossil, "20D)¥(sum (R, supply_pot_0 (fossil, R)))*100)
+((sum(R, t_step*supply_1.L(R, fossil, "20p¥(sum (R, supply_pot_0 (fossil, R)))*100)
+((sum(R, t_step*supply_1.L(R, fossil, "20B3¥(sum (R, supply_pot_0 (fossil, R)))*100)
+((sum(R, t_step*supply_1.L(R, fossil, "20%¥(sum (R, supply_pot_0 (fossil, R)))*100))
put *;";
put (((sum(R, t_step*supply_1.L(R, fossil, "1990(sum (R, supply_pot_0 (fossil, R)))*100)
+((sum(R, t_step*supply_1.L(R, fossil, "20P¥(sum (R, supply_pot_0 (fossil, R)))*100)
+((sum(R, t_step*supply_1.L(R, fossil, "20D¥(sum (R, supply_pot_0 (fossil, R)))*100)
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+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,

put *;";

put (((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,

put *;";

put (((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,

put *;";

put (((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,

put *;";

put (((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,

put *;";

put (((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,

put *;";

put (((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
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"20P0(sum (R, supply_pot_0 (fossil, R)))*100)
"2080/(sum (R, supply_pot_0 (fossil, R)))*100)
"2000(sum (R, supply_pot_0 (fossil, R)))*100)
"2090(sum (R, supply_pot_0 (fossil, R)))*100))

"199W(sum (R, supply_pot_0 (fossil, R)))*100)
"20PP(sum (R, supply_pot_0 (fossil, R)))*100)
"20D0(sum (R, supply_pot_0 (fossil, R)))*100)
"20P0(sum (R, supply_pot_0 (fossil, R)))*100)
"2080/(sum (R, supply_pot_0 (fossil, R)))*100)
"2000/(sum (R, supply_pot_0 (fossil, R)))*100)
"2090(sum (R, supply_pot_0 (fossil, R)))*100)
"2090(sum (R, supply_pot_0 (fossil, R)))*100))

"199W(sum (R, supply_pot_0 (fossil, R)))*100)
"20PP(sum (R, supply_pot_0 (fossil, R)))*100)
"20D0(sum (R, supply_pot_0 (fossil, R)))*100)
"20P0(sum (R, supply_pot_0 (fossil, R)))*100)
"2080/(sum (R, supply_pot_0 (fossil, R)))*100)
"2000(sum (R, supply_pot_0 (fossil, R)))*100)
"2090(sum (R, supply_pot_0 (fossil, R)))*100)
"2090(sum (R, supply_pot_0 (fossil, R)))*100)
"2000(sum (R, supply_pot_0 (fossil, R)))*100))

"199W(sum (R, supply_pot_0 (fossil, R)))*100)
"20P(sum (R, supply_pot_0 (fossil, R)))*100)
"20D0(sum (R, supply_pot_0 (fossil, R)))*100)
"20P0(sum (R, supply_pot_0 (fossil, R)))*100)
"2080/(sum (R, supply_pot_0 (fossil, R)))*100)
"2000/(sum (R, supply_pot_0 (fossil, R)))*100)
"2090/(sum (R, supply_pot_0 (fossil, R)))*100)
"2090(sum (R, supply_pot_0 (fossil, R)))*100)
"2000(sum (R, supply_pot_0 (fossil, R)))*100)
"2080/(sum (R, supply_pot_0 (fossil, R)))*100))

"199W(sum (R, supply_pot_0 (fossil, R)))*100)
"20P(sum (R, supply_pot_0 (fossil, R)))*100)
"20D0(sum (R, supply_pot_0 (fossil, R)))*100)
"20P0(sum (R, supply_pot_0 (fossil, R)))*100)
"2080/(sum (R, supply_pot_0 (fossil, R)))*100)
"2000/(sum (R, supply_pot_0 (fossil, R)))*100)
"2090/(sum (R, supply_pot_0 (fossil, R)))*100)
"2090(sum (R, supply_pot_0 (fossil, R)))*100)
"2000(sum (R, supply_pot_0 (fossil, R)))*100)
"2080/(sum (R, supply_pot_0 (fossil, R)))*100)
"2090(sum (R, supply_pot_0 (fossil, R)))*100))

"199W(sum (R, supply_pot_0 (fossil, R)))*100)
"20PP(sum (R, supply_pot_0 (fossil, R)))*100)
"2000(sum (R, supply_pot_0 (fossil, R)))*100)
"20P0(sum (R, supply_pot_0 (fossil, R)))*100)
"2080/(sum (R, supply_pot_0 (fossil, R)))*100)
"2000(sum (R, supply_pot_0 (fossil, R)))*100)
"2090(sum (R, supply_pot_0 (fossil, R)))*100)
"20H0(sum (R, supply_pot_0 (fossil, R)))*100)
"2000(sum (R, supply_pot_0 (fossil, R)))*100)
"2080/(sum (R, supply_pot_0 (fossil, R)))*100)
"2090(sum (R, supply_pot_0 (fossil, R)))*100)
"21PP(sum (R, supply_pot_0 (fossil, R)))*100))

"199W(sum (R, supply_pot_0 (fossil, R)))*100)
"20P(sum (R, supply_pot_0 (fossil, R)))*100)
"20D0(sum (R, supply_pot_0 (fossil, R)))*100)
"20P0(sum (R, supply_pot_0 (fossil, R)))*100)
"2080/(sum (R, supply_pot_0 (fossil, R)))*100)
"2000/(sum (R, supply_pot_0 (fossil, R)))*100)
"2090/(sum (R, supply_pot_0 (fossil, R)))*100)
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+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,

put *;";

put (((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,

put *;";

put (((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,

put *;";

put (((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,
+((sum(R, t_step*supply_1.L(R, fossil,

put /;

); put /; put /; put /;
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"20H0(sum (R, supply_pot_0 (fossil, R)))*100)
"2000(sum (R, supply_pot_0 (fossil, R)))*100)
"2080/(sum (R, supply_pot_0 (fossil, R)))*100)
"2090(sum (R, supply_pot_0 (fossil, R)))*100)
"21PW(sum (R, supply_pot_0 (fossil, R)))*100)
"21DP(sum (R, supply_pot_0 (fossil, R)))*100))

"199W(sum (R, supply_pot_0 (fossil, R)))*100)
"20PP(sum (R, supply_pot_0 (fossil, R)))*100)
"20D0(sum (R, supply_pot_0 (fossil, R)))*100)
"20P0(sum (R, supply_pot_0 (fossil, R)))*100)
"2080/(sum (R, supply_pot_0 (fossil, R)))*100)
"2000(sum (R, supply_pot_0 (fossil, R)))*100)
"2090/(sum (R, supply_pot_0 (fossil, R)))*100)
"2090(sum (R, supply_pot_0 (fossil, R)))*100)
"2000(sum (R, supply_pot_0 (fossil, R)))*100)
"2080/(sum (R, supply_pot_0 (fossil, R)))*100)
"2090(sum (R, supply_pot_0 (fossil, R)))*100)
"21PW(sum (R, supply_pot_0 (fossil, R)))*100)
"21D0(sum (R, supply_pot_0 (fossil, R)))*100)
"21P0(sum (R, supply_pot_0 (fossil, R)))*100))

"199W(sum (R, supply_pot_0 (fossil, R)))*100)
"20PP(sum (R, supply_pot_0 (fossil, R)))*100)
"20D0(sum (R, supply_pot_0 (fossil, R)))*100)
"20P0(sum (R, supply_pot_0 (fossil, R)))*100)
"2080/(sum (R, supply_pot_0 (fossil, R)))*100)
"2000(sum (R, supply_pot_0 (fossil, R)))*100)
"2090(sum (R, supply_pot_0 (fossil, R)))*100)
"2090(sum (R, supply_pot_0 (fossil, R)))*100)
"2000(sum (R, supply_pot_0 (fossil, R)))*100)
"2080/(sum (R, supply_pot_0 (fossil, R)))*100)
"2090(sum (R, supply_pot_0 (fossil, R)))*100)
"21PP(sum (R, supply_pot_0 (fossil, R)))*100)
"21D0(sum (R, supply_pot_0 (fossil, R)))*100)
"21P0(sum (R, supply_pot_0 (fossil, R)))*100)
"2130(sum (R, supply_pot_0 (fossil, R)))*100))

"199W(sum (R, supply_pot_0 (fossil, R)))*100)
"20PP(sum (R, supply_pot_0 (fossil, R)))*100)
"20D0(sum (R, supply_pot_0 (fossil, R)))*100)
"20P0(sum (R, supply_pot_0 (fossil, R)))*100)
"2080(sum (R, supply_pot_0 (fossil, R)))*100)
"2000(sum (R, supply_pot_0 (fossil, R)))*100)
"2090(sum (R, supply_pot_0 (fossil, R)))*100)
"2090(sum (R, supply_pot_0 (fossil, R)))*100)
"2000(sum (R, supply_pot_0 (fossil, R)))*100)
"208¥ (sum (R, supply_pot_0 (fossil, R)))*100)
"2090(sum (R, supply_pot_0 (fossil, R)))*100)
"21PP(sum (R, supply_pot_0 (fossil, R)))*100)
"21D0(sum (R, supply_pot_0 (fossil, R)))*100)
"21P0(sum (R, supply_pot_0 (fossil, R)))*100)
"2130(sum (R, supply_pot_0 (fossil, R)))*100)
2100 (sum (R, supply_pot_0 (fossil, R)))*100)):7:2;

*Figure E

*CO2 CONCENTRATION
put "CO2 conc"; put /;

put

16 July 2013.

"1800;1810;1820;1830;1840;1850;1860;1870;1880; 1881D;1910;1920;1930;1940;1950;1960,1970,1980, 18HI0);2010;2
020;2030;2040;2050;2060;2070;2080;2090;2100;212m21 30,2140,

put/;
put "CO2"
loop (T_all,
put ™"
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put ATM_CCONT.L(T_all):7:2;
); put/; put/; put/;

* F*kkk Fkkk * *

*Figure F
* GLOBAL CO2 EMISSIONS
put "CO2 emissions"; put /;
put "GLOBAL"; put /;
put ";1990;2000;2010;2020;2030;2040;2050;2060022080;2090;2100;2110;2120;2130;2140";
put /;
put "C emissions";
loop (t,
put ™",
put sum(R, c_emission.L(R, 1)):9:2;
); put/;
put "C capture";
loop (t,
put "}
put sum(R, C_capt_tot.L(R, 1)):9:2;
); put/; put /; put /;

Fkkk F*kkk * *

*Figure G
*GLOBAL FIGURE TRSP SEPARATED IN FIVE GROUPS: CARS, FR@Grucks+bus+shipping), AVIATION, TRAIN and
HSP-rail (a fraction of p_air)
put "GLOBAL (EJ)"; put " global transportation sexary energy for different trsp mode - five groupsiit /;
put ";1990;2000;2010;2020;2030;2040;2050;2060;220080;2090;2100;2110;2120;2130;2140"; put/;
PUT "CARS_PETRO_IC"; LOOP (t,
PUT ";"; PUT sum(R, trsp_energRl.(petro”, "0", "p_car", 1)):7:2; ); PUT /;
PUT "CARS_BTL_IC"; LOOP ({t,
PUT ";"; PUT sum(R,trsp_energy.L(BTL", "0", "p_car", 1)):7:2; ); PUT /;
PUT "CARS_CTLGTL_IC"; LOORP ({t,
PUT ";"; PUT sum(R,trsp_energy.L{RTL_GTL", "0", "p_car", 1)):7:2;); PUT /;
PUT "CARS_PET_HEV"; LOORP (t,
PUT ";"; PUT sum(R,trsp_energy.L(Retro", "HEV", "p_car", t)):7:2; ); PUT /,
PUT "CARS_BTL_HEV"; LOORP (t,
PUT ";"; PUT sum(R,trsp_energy.L{BTL", "HEV", "p_car", 1)):7:2;); PUT /;
PUT "CARS_CTLGTL_HEV"; LOORP (t,
PUT ";"; PUT sum(R,trsp_energy.L{RTL_GTL", "HEV", "p_car", 1)):7:2; ); PUT /,
PUT "CARS_PET_PHEV"; LOORP (t,
PUT ";"; PUT sum(R,trsp_energy.L(Retro", "PHEV", "p_car", t)):7:2; ); PUT /;
PUT "CARS_BTL_PHEV"; LOORP (t,
PUT ";"; PUT sum(R,trsp_energy.L(BTL", "PHEV", "p_car", 1)):7:2; ); PUT /,
PUT "CARS_CTLGTL_PHEV"; LOORP (t,
PUT ";"; PUT sum(R,trsp_energy.L{RTL_GTL", "PHEV", "p_car", t)):7:2; ); PUT /;
PUT "CARS_EL_PHEV"; LOORP (t,
PUT ";"; PUT sum(R,trsp_energy.L{Bgec", "PHEV", "p_car", 1)):7:2; ); PUT /;
PUT "CARS_EL_BEV"; LOORP (t,
PUT ";"; PUT sum(R,trsp_energy.L(Bec", "BEV", "p_car", t)):7:2; ); PUT /;
PUT "CARS_NG"; LOORP (t,
PUT ";"; PUT sum(R,trsp_energy.L{RG", "0", "p_car", 1)):7:2; ); PUT /;
PUT "CARS_H2_IC"; LOORP (t,
PUT ""; PUT sum(R,trsp_energy.L(R2", "0", "p_car", 1)):7:2; ); PUT /;
PUT "CARS_PETRO_FC"; LOORP (t,
PUT ";"; PUT sum(R,trsp_energy.L{Retro", "FC", "p_car", 1)):7:2;); PUT /;
PUT "CARS_BTL_FC"; LOORP (t,
PUT ""; PUT sum(R,trsp_energy.L(BTL", "FC", "p_car", 1)):7:2; ); PUT /;
PUT "CARS_CTLGTL_FC"; LOORP (t,
PUT ""; PUT sum(R,trsp_energy.L{RTL_GTL", "FC", "p_car", 1)):7:2;); PUT /;
PUT "CARS_H2_FC"; LOOP (t,
PUT ";"; PUT sum(R,trsp_energy.L{(R2", "FC", "p_car", t)):7:2; ); PUT /;
PUT "FRG+_PETRO";LOORP (t,
PUT ";"; PUT (sum(R,trsp_enerdRl."petro”, "0", "p_bus", t)+
trsp_energy.L(R, hpé&t"0", "f_road", t)+
trsp_energy.L(R, hoét"0", "f_sea", t)+
trsp_energy.L(R, hpét"0", "f_isea", t))):7:2;); PUT /;
PUT "FRG+_BTL_IC";LOOP (t,
PUT ""; PUT (sum(R,trsp_enerdRlL."BTL", "0", "p_bus", t)+
trsp_energy.L(R, "BTLO", "f_road", t)+
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PUT

PUT

PUT

PUT

PUT

PUT

PUT

PUT

PUT

PUT

PUT

PUT

PUT

PUT

PUT

PUT

PUT

trsp_energy.L(R, "BTLO", "f_sea", t)+
trsp_energy.L(R, "BTLO", "f_isea", t))):7:2;); PUT /;

"FRG+_CTLGTL_IC";LOOP (,

PUT ";"; PUT (sum(R,trsp_enerdRlL."CTL_GTL", "0", "p_bus", t)+
trsp_energy.L(R, "CT&TL", "0", "f_road", t)+
trsp_energy.L(R, "CT&TL", "0", "f_sea", t)+
trsp_energy.L(R, "CT&TL", "0", "f_isea", 1))):7:2; ); PUT /;

"FRG+_PET_HEV";LOOP (t,

PUT ";"; PUT (sum(R,trsp_enerdgRl "petro”, "HEV", "p_bus", t)+
trsp_energy.L(R, heét "HEV", "f_road", 1))):7:2; ); PUT /;

"FRG+_BTL_HEV";LOOP (t,

PUT ";"; PUT (sum(R,trsp_energ{RL."BTL", "HEV", "p_bus", t)+
trsp_energy.L(R, "BTLHEV", "f_road", t))):7:2;); PUT /;

"FRG+_CTLGTL_HEV";LOORP (t,

PUT ";"; PUT (sum(R,trsp_energRlL"CTL_GTL", "HEV", "p_bus", t)+
trsp_energy.L(R, "CT&TL", "HEV", "f_road", t))):7:2; ); PUT /;

"FRG+_PET_PHEV";LOOP (t,

PUT ";"; PUT (sum(R,trsp_energRl."petro"”, "PHEV", "p_bus", t)+
trsp_energy.L(R, heét "PHEV", "f_road", 1))):7:2; ); PUT /;

"FRG+_BTL_PHEV";LOORP (t,

PUT ";"; PUT (sum(R,trsp_enerdRl."BTL", "PHEV", "p_bus", t)+
trsp_energy.L(R, "BTLPHEV", "f_road", t))):7:2;); PUT /;

"FRG+_CTLGTL_PHEV";LOORP (t,

PUT ";"; PUT (sum(R,trsp_enerdRl."CTL_GTL", "PHEV", "p_bus", t)+
trsp_energy.L(R, "CT&ATL", "PHEV", "f_road", t))):7:2; ); PUT /;

"FRG+_ELEC_PHEV";LOOP (,

PUT ";"; PUT (sum(R,trsp_enerdRl."elec", "PHEV", "p_bus", t)+
trsp_energy.L(R, ®Ie'PHEV", "f_road", t))):7:2;); PUT /;

"FRG+_ELEC_BEV";LOORP (t,

PUT ";"; PUT (sum(R,trsp_enerdRl."elec", "BEV", "p_bus", t)+
trsp_energy.L(R, &' BEV", "f_road", 1))):7:2; ); PUT /;

"FRG+_NG":LOOP (,

PUT ";"; PUT (sum(R,trsp_energRL."NG", "0", "p_bus", t)+
trsp_energy.L(R, "N@&J", "f_road", t)+
trsp_energy.L(R, "N&J", "f_sea", t)+
trsp_energy.L(R, "N@J", "f_isea", 1))):7:2; ); PUT /;

"FRG+_H2_IC";;LOOP (t,

PUT ";"; PUT (sum(R,trsp_enerdRl."H2", "0", "p_bus", t)+
trsp_energy.L(R, "H20", "f_road", t)+
trsp_energy.L(R, "H20", "f_sea", t)+
trsp_energy.L(R, "H20", "f_isea", 1))):7:2; ); PUT /;

"FRG+_PETRO_FC";LOOP (t,

PUT ";"; PUT (sum(R,trsp_enerdgRl."petro", "FC", "p_bus", t)+
trsp_energy.L(R, hoét"FC", "f_road", t)+
trsp_energy.L(R, tp&t "FC", "f_sea", t)+
trsp_energy.L(R, hoét"FC", "f_isea", t))):7:2;); PUT /;

"FRG+ BTL_FC";LOOP (t,

PUT ""; PUT (sum(R,trsp_energRL"BTL", "FC", "p_bus", t)+
trsp_energy.L(R, "BTLFC", "f_road", t)+
trsp_energy.L(R, "BTLFC", "f_sea", t)+
trsp_energy.L(R, "BTLFC", "f_isea", 1))):7:2; ); PUT /;

"FRG+_CTLGTL_FC";LOOP (t,

PUT ";"; PUT (sum(R,trsp_enerdRlL."CTL_GTL", "FC", "p_bus", t)+
trsp_energy.L(R, "CT&TL", "FC", "f_road", t)+
trsp_energy.L(R, "CT&TL", "FC", "f_sea", t)+
trsp_energy.L(R, "CT&ATL", "FC", "f_isea", 1))):7:2; ); PUT /;

"FRG+_H2_FC"; LOOP (,

PUT ";"; PUT (sum(R,trsp_enerdRl."H2", "FC", "p_bus", t)+
trsp_energy.L(R, "HZ*C", "f_road", t)+
trsp_energy.L(R, "HZFC", "f_sea", t)+
trsp_energy.L(R, "HZFC", "f_isea", 1))):7:2; ); PUT /;

"AIR_PETROQO"; LOORP (t,

PUT ";"; PUT (sum(R,trsp_enerd{l."petro”, "0", "p_air", t)+
trsp_energy.L(R, tp&t "0", "f_air", 1))):7:2; ); PUT /;

"AIR_BTL"; LOORP (t,

PUT ""; PUT (sum(R,en_conv.L(Rjd", "air_fuel", "0", t)*
effic ("bio", "0"afr_fuel"t))):7:2; ); PUT /;
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PUT "AIR_CTLGTL"; LOORP (t,
PUT ""; PUT (sum(R,en_conv.L(RIG", "air_fuel", "0", t)*
effic ("NG", "0", llafuel",t)+
en_conv.L(R, "codHir_fuel", "0", t)*
effic ("coal", "0"air_fuel",t))):7:2; ); PUT /;
PUT "AIR_H2"; LOORP (t,
PUT ""; PUT (sum(R,en_conv.L(R{2", "air_fuel", "0", t)*
effic ("H2", "0", i fuel"1))):7:2; ); PUT /;
PUT "HSP_RAIL"; LOORP (t,
PUT ;" PUT (sum(R,trsp_enerdfRl."elec", "0", "p_air", t))):7:2; ); PUT /;
PUT "TRAIN"; LOORP (t,
PUT ";"; PUT (sum(R,trsp_energgl."elec", "0", "p_rail", t)+
trsp_energy.L(R, @&le'0", "f_rail", 1))):7:2;); PUT /;
PUT/; PUT/;

*Figure H
*GLOBAL Figures on the number of CARS for each regibat runs on a specific fuel
put "number of cars running on a spcific fuellf fx
put "GLOBAL (million cars)"; put /;
put ";1990;2000;2010;2020;2030;2040;2050;2060022780;2090;2100;2110;2120;2130;2140"; put/;
PUT "PETRO_IC";
LOORP (t,
PUT ";"; PUT (sum (R,( trsp_energy.L(R, "petrdd”, "p_car", t)*
trsp_conv("petro”,"0","p_caj*rtum_veh(R,"p_car",t)*1000/trsp_dem(R,"p_car",t})")R;
); PUT /;
PUT "BTL_IC";
LOORP (t,

trsp_conv("BTL","0","p_car",t)tim_veh(R,"p_car",t)*1000/trsp_dem(R,"p_car",t))) 27:
); PUT /;
PUT "CTLGTL_IC";
LOORP (t,
PUT ";"; PUT (sum (R,(trsp_energy.L(R, "CTL_GTLO", "p_car", t)*
trsp_conv("CTL_GTL","0","p_ca*num_veh(R,"p_car",t)*1000/trsp_dem(R,"p_car",§)§:2;
); PUT /;
PUT "PETRO_HEV",
LOORP (t,
PUT ";"; PUT (sum (R,(trsp_energy.L(R, "petrtMEV", "p_car", t)*
trsp_conv("petro","HEV","p_ca)*num_veh(R,"p_car",t)*1000/trsp_dem(R,"p_car",§)Jj:2;
); PUT /;
PUT "BTL_HEV";
LOORP (t,
PUT ";"; PUT (sum (R,(trsp_energy.L(R, "BTLHEV", "p_car", t)*
trsp_conv("BTL","HEV","p_car“tjum_veh(R,"p_car",t)*1000/trsp_dem(R,"p_car",t)}J:R;
); PUT /;
PUT "CTLGTL_HEV",
LOORP (t,
PUT ""; PUT (sum (R,(trsp_energy.L(R, "CTL_GTLHEV", "p_car", t)*
trsp_conv("CTL_GTL","HEV","p_cat)*num_veh(R,"p_car",t)*1000/trsp_dem(R,"p_car" X))7:2;
); PUT /;
*calculating a fraction of the elec-part in PHEWst should be added to the amount of PHEVSs.
PUT "PETRO_PHEV";
LOORP (t,

PUT ";"; PUT (sum(R,(trsp_energy.L(R, "petr®HEV", "p_car", t)*
trsp_conv("petro","PHEV","p_tarnum_veh(R,"p_car",t)*1000/trsp_dem(R,"p_car",t)+
trsp_energy.L(R, "petro", "PHEVY_car", t)/

(trsp_energy.L(R, "CTL_GTL", "PNE "p_car", t)+
trsp_energy.L(R, "BTL", "PHEV'h_car", t)+
trsp_energy.L(R, "petro”, "PHEV_car", t)+0.001)*
(trsp_energy.L(R, "elec", "PHEVp_car", t)*
trsp_conv("elec","PHEV","p_cdy*num_veh(R,"p_car",t)*1000/trsp_dem(R,"p_car" X)))7:2;
); PUT /;
PUT "BTL_PHEV";
LOORP (t,

PUT ""; PUT (sum(R,(trsp_energy.L(R, "BTL", "EN", "p_car", t)*
trsp_conv("BTL","PHEV","p_can*bhum_veh(R,"p_car",t)*1000/trsp_dem(R,"p_car",t)+
trsp_energy.L(R, "BTL", "PHEV'h_car", t)/
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(trsp_energy.L(R, "CTL_GTL", "PNE "p_car", t)+
trsp_energy.L(R, "BTL", "PHEV'h_car", t)+
trsp_energy.L(R, "petro”, "PHEVY_car", t)+0.001)*
(trsp_energy.L(R, "elec", "PHEVp_car", t)*
trsp_conv("elec","PHEV","p_cdy*num_veh(R,"p_car",t)*1000/trsp_dem(R,"p_car" X)))7:2;
); PUT /;
PUT "CTLGTL_PHEV";
LOORP (t,

PUT ";"; PUT (sum(R,(trsp_energy.L(R, "CTL_GTLRHEV", "p_car", t)*
trsp_conv("CTL_GTL","PHEV","p_t&)*num_veh(R,"p_car",t)*1000/trsp_dem(R,"p_cartt)
trsp_energy.L(R, "CTL_GTL", "PME "p_car", t)/

(trsp_energy.L(R, "CTL_GTL", "PNE "p_car", t)+
trsp_energy.L(R, "BTL", "PHEV'H_car", t)+
trsp_energy.L(R, "petro”, "PHEVQ_car", t)+0.001)*
(trsp_energy.L(R, "elec", "PHEVp_car", t)*
trsp_conv("elec","PHEV","p_cdy*num_veh(R,"p_car",t)*1000/trsp_dem(R,"p_car" X)))7:2;
); PUT /;
PUT "BEV";
LOORP (t,
PUT ";"; PUT (sum (R,(trsp_energy.L(R, "eleBEV", "p_car", t)*
trsp_conv("elec","BEV","p_ca)*rium_veh(R,"p_car",t)*1000/trsp_dem(R,"p_car",1)J§:2;
); PUT /;
PUT "NG_IC";
LOORP (t,
PUT ";"; PUT (sum (R,(trsp_energy.L(R, "NG","'0p_car", t)*
trsp_conv("NG","0","p_car",t)ydm_veh(R,"p_car",t)*1000/trsp_dem(R,"p_car",t))) 27:
); PUT /;
PUT "H2_IC";
LOORP (t,
PUT ";"; PUT (sum (R,(trsp_energy.L(R, "H2""'Op_car", t)*
trsp_conv("H2","0","p_car",t)dim_veh(R,"p_car",t)*1000/trsp_dem(R,"p_car"t))) 2;7:
); PUT /;
PUT "H2_FC";
LOOP (t,
PUT ";"; PUT (sum (R,(trsp_energy.L(R, "H2"CF "p_car", t)*
trsp_conv("H2","FC","p_car",t}dm_veh(R,"p_car",t)*1000/trsp_dem(R,"p_car" t))) 2:7:
); PUT /;
PUT "PETRO_FC";
LOOP (t,

PUT ";"; PUT (sum (R,(trsp_energy.L(R, "petrt®C", "p_car", t)*
trsp_conv("petro","FC","p_cay*rtum_veh(R,"p_car",t)*1000/trsp_dem(R,"p_car",t) DL;
); PUT /;
PUT "BTL_FC";

LOORP (t,
PUT ";"; PUT (sum (R,(trsp_energy.L(R, "BTLEC", "p_car", t)*
trsp_conv("BTL","FC","p_car",t)aim_veh(R,"p_car",t)*1000/trsp_dem(R,"p_car" t))) 2:7:
); PUT /;
PUT "CTLGTL_FC";
LOOP (t,
PUT ""; PUT (sum (R,(trsp_energy.L(R, "CTL_GTLFC", "p_car", t)*
trsp_conv("CTL_GTL","FC","p_ca)*num_veh(R,"p_car",t)*1000/trsp_dem(R,"p_car",§))j:2;
); PUT /; PUT /; PUT /;

*Figure |
*GLOBAL TRANSPORTATION FUELS
put "GLOBAL (EJ)";
put "Energy used in transportation sector (caesgfit+aviation)"; put /;
put ";1990;2000;2010;2020;2030;2040;2050;2060022780;2090;2100;2110;2120;2130;2140"; put/;
PUT "Petro";
LOORP (t,
PUT "™
PUT sum(R, energy_deliv.L(R, "petro", 1)):7:2;
); PUT/;
PUT "BTL";
LOORP (t,
PUT "™
PUT (sum(R,energy_deliv.L(R, "BTL", t))+

Fkkk *
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sum(R,(en_conv.L(R, "bio", "air_fuel", "Q}*effic ("bio", "0", "air_fuel",t)))):7:2;
); PUT /;
PUT "CTL_GTL";
LOORP (t,
PUT "™
PUT (sum(R,energy_deliv.L(R, "CTL_GTL", t))+
sum(R,(en_conv.L(R, "NG", "air_fuel", "0}*effic ("NG", "0", "air_fuel",t)+
en_conv.L(R, "coal", "air_fuel", "&)*effic ("coal”, "0", "air_fuel"t)))):7:2;
); PUT /;
PUT "NG";
LOORP (t,
PUT "™
PUT sum(R,energy_deliv.L(R, "NG", 1)):7:2;
); PUT /;
PUT "H2";
LOORP (t,
PUT "™
PUT (sum(R, energy_deliv.L(R, "h2", t))+
sum(R,(en_conv.L(R, "H2", "air_fuel", "0)reffic ("H2", "0", "air_fuel"1)))):7:2;
); PUT /;
put "Elec_rail";

put (sum(R, elec_trsp.L(R, t))-(

sum(R, trsp_energy.L(R, "elec”, "PHEV", tar", t))+
sum(R, trsp_energy.L(R, "elec", "PHEV",rdad", t))+
sum(R, trsp_energy.L(R, "elec", "PHEV", bpis", t))+
sum(R, trsp_energy.L(R, "elec", "BEV", "@r'’ t))+
sum(R, trsp_energy.L(R, "elec", "BEV", 'dad", t))+
sum(R, trsp_energy.L(R, "elec", "BEV", tus", 1)) )):7:2

); PUT /;

put "Elec_PHEV";
loop (t,

put (sum(R, trsp_energy.L(R, "elec", "PHEV", tar", t))+
sum(R, trsp_energy.L(R, "elec", "PHEV",r6ad", t))+
sum(R, trsp_energy.L(R, "elec", "PHEV", bpis", 1)) ):7:2
); PUT /;
put "Elec_BEV";
loop (t,

put (sum(R, trsp_energy.L(R, "elec", "BEV", "ar'¢ t))+
sum(R, trsp_energy.L(R, "elec", "BEV", 'dad", t))+
sum(R, trsp_energy.L(R, "elec", "BEV", "msh, t)) ):7:2

); put/; put /; put /;
*Figure J
*GLOBAL BIOMASS USE
put "biomass use - primary energy"; put /;
put "GLOBAL"; put /;

put ";1990;2000;2010;2020;2030;2040;2050;2060022080;2090;2100;2110;2120;2130;2140"; put /;

loop ( e_out,
loop ( type,
put e_out.TL; put "-"; put type.TL;
loop (t,
put "
put sum(R,en_conv.L(R, "bio", e_out, typg.7tp;
); put/;
);
); put /; put /; put /;

*Figure K

*GLOBAL NATURAL NG USE
put "natural NG use - primary energy"; put /;
put "GLOBAL"; put /;

put ";1990;2000;2010;2020;2030;2040;2050;2060022080;2090;2100;2110;2120;2130;2140"; put /;

loop ( e_out,
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loop (type,
put e_out.TL; put "-"; put type.TL;
loop (t,
put ™",
put sum(R,en_conv.L(R, "NG", e_out, type7tp;
); put/;
)i
); put /; put /; put /;

*Figure L
*GLOBAL OIL USE
put "oil use - primary energy"; put /;
put "GLOBAL"; put /;
put ";1990;2000;2010;2020;2030;2040;2050;2060022080;2090;2100;2110;2120;2130;2140"; put /;
loop (e_out,
loop ( type,
put e_out.TL; put "-"; put type.TL;
loop (t,
put ™",
put sum(R,en_conv.L(R, "oil", e_out, typg,AR;
); put/;
)i
); put /; put /; put /;

*Figure M
*GLOBAL COAL USE
put "coal use - primary energy"; put/;
put "GLOBAL"; put /;
put ";1990;2000;2010;2020;2030;2040;2050;2060022080;2090;2100;2110;2120;2130;2140"; put /;
loop ( e_out,
loop ( type,
put e_out.TL; put "-"; put type.TL;
loop (t,
put "
put sum(R,en_conv.L(R, "coal", e_out, type712;
); put/;
)i
); put/; put/; put/;
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7. Implementation

In this section, we provide suggestions on howrtplement the model step by step. In our Ford-
Chalmers collaboration, we started with a simplelehovith only a few sets, parameters, and variables
and then we added parts of the models in five siapkthe full model was implemented. We called
these incomplete model versions “simple modelsFijures 16-21, we built up the full model from the
"simple models".

EN_CONV »| ENERGY_PROD

¢\ : :

Figure 16.Rough illustration of Simple Model 1. The enerfpwf is marked in thick blue arrows. Energy flow
variables are marked red and green. Cost variallgish are minimized in the objective function, anatten in
orange. Blue text indicates introduced parametedsp@ints at the variables they impact.

\ 4

L/

IMP_PRIM_FROM

/ \

IMP_PRIM EXP_PRIM

SUPPLY_l\ :/SUPPLYTOT EN_CONV »| ENERGY_PROD

Figure 17.Rough illustration of Simple Model 2. We have hadeled the features of import and export of
primary energy sources where one more cost vanattilbe included in the objective function. We als
introduce the emission calculation.

\ 4
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L/

IMP_PRIM_FROM

/ \

IMP_PRIM EXP_PRIM

SUPPLY_l\ :/SUPPLY_TOT EN_CONV »| ENERGY_PROD

\

\ 4

Figure 18.Rough illustration of Simple Model 3. We have hadged the variables and parameters connected to
the investements of energy conversion plants, wivemsenore cost variablesst caandom_cosfare included
in the objective function. We also add one morealde in the emissions calculation.

w/ N

IMP_PRIM_FROM IMP_SEC_FROM
IMP_PRIM EXP_PRIM IMP_SEC EXP_SEC

\/ \/

SUPPLY_1 »| SUPPLY_TOT »| EN_CONV ENERGY_PROD » ENERGY_DELIV
ﬂ\ \] \1 q\ \\ SUPPLY_2 ’/ /]\
\l CG_HEAT

)

Figure 19.Rough illustration of Simple Model 4. We have hadged the variables and parameters connected to
import and export of energy carriers, the featdrinat some energy carriers can be converted andetme
(supply_3, the heat flow from co-generationg( hea and added the variabdmergy deliv
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L/ s

IMP_PRIM_FROM IMP_SEC_FROM
IMP_PRIM EXP_PRIM IMP_SEC EXP_SEC

)/ v/

SUPPLY_1 » SUPPLY_TOT » EN_CONV ENERGY_PROD »| ENERGY_DELIV
/I\ \1 \ ; /r \ SUPPLY_2 ’/ ¢
CG_HEAT

N ]
t \

—7
<—

Figure 20.Rough illustration of Simple Model 5. We have hadged the variables and parameters connected to
CCS and the carbon cycle, including that the agiclii electricity and heat needed when applying @@iSaffect

the demand.
IMP_PRIM_FROM IMP_SEC_FROM
TRSP_
IMP_PRIM EXP_PRIM IMP_SEC EXP_SEC ENERGY [\
\/ \/ / ENERGY_DELIV
SUPPLY_1 » SUPPLY_TOT » EN_CONV »| ENERGY_PROD / /I\
/]\ \1 \1 ; /r\ SUPPLY_2
CG_HEAT <

//\ 7 /$

) \ 7

—7
<—

Figure 21.Rough illustration of Simple Model 6, which is edjto the full GET-RC 6.1 model. We have here

added the transportation and infrastructure mod&eher, which is difficult to illustrate, alsd adjustments,
and limitations are added in this final step.

53



Grahn et al. Descriptiortted global energy systems model GET-RC 6.1 16 July 2013.

References

Azar C., Lindgren K., Andersson B.A. (2000). Hydeogor methanol in the transportation sector?, KFB-
Report 2000:35, Sweden, ISBN: 91-88371-90-5. Awddat www.kfb.se/pdfer/R-00-35.pdf.

Azar C., Lindgren K., Andersson B.A. (2003). Glokakrgy scenarios meeting stringent,€@nstraints
— cost-effective fuel choices in the transportatentor Energy Policy31(10): 961-976.

Azar C., Lindgren K., Larson E., Mdllersten K. (B)0Carbon capture and storage from fossil fuets an
biomass — costs and potential role in stabilizimgatmospher&limatic Changer4: 47-79.

BP (2009). British Petroleum, Statistical Guidé/érld Energy 2008. Available online:
http://www.bp.com/ (accessed on 2 September 2009).

GAMS User's Guide (2012). Tutorial by Richard EsBathal, GAMS Development Corporation,
Washington, DC, USA. Available at
http://www.gams.com/dd/docs/bigdocs/GAMSUsersGuide.

Grahn M. (2009). Cost-effective fuel and technolofgices in the transportation sector in a future
carbon constrained world — results from the Gldbadrgy Transition (GET) model. Thesis for
the degree of Doctor of Philosophy in Energy anditemment. Physical Resource Theory,
Chalmers, Sweden.

Grahn M, Klampfl E., Whalen M., Wallington T.J.z&r C., Lindgren K. (2013). Sustainable Mobility:
Using a Global Energy Model to Inform Decision MekeSpecial issue on Decarbonised
Economy inSustainabilitys: 1845-1862.

Grahn M., Azar C., Williander M.1., Anderson J.Elyeller S.A., Wallington T.J. (2009a). "Fuel and
Vehicle Technology Choices for Passenger Vehicdleéschieving Stringent COTargets:
Connections between Transportation and Other Erféegyors” Environmental Science and
Technology (ES&T43(9) 3365-3371.

Grahn M., Anderson J.E., Wallington T.J. (2009)stzeffective vehicle and fuel technology choices i
a carbon constrained world: Insights from globa&rgg systems modelling, Elsevier book: “A
Survey of Alternative Vehicles and Their Power 8esit. Editor: Gianfranco Pistoia.

Grahn M., Williander M.I. (2009c). The role of ICEYHEVs, PHEVs, BEVs and FCVs in achieving
stringent CQtargets: results from global energy systems mogeionference proceedings,
EVS24 Stavanger, Norway, May 13-16.

Hoogwijk, M. (2004). On the Global and Regionaldttial of Renewable Energy Sources, Ph.D. Thesis,
Utrecht University, Utrecht, The Netherlands.

Johansson, T.B.; Kelly, H.; Reddy, A.K.N.; WilliapRR.H. (1993). Renewable Energy—Sources for
Fuels and Electricity; Burnham, L., Ed.; Island$2é/ashington, DC, USA.

Maier-Reimer E, Hasselman K (1987) Transport aothge of CQin the ocean — an inorganic ocean-
circulation carbon cycle modeClimate Dynamic®: 63—-90.

Naturvardsverket (2013). Swedish EPA. Excel Documemissionsfaktorer Vaxthusgaser och
Luftfororeningar fran Forbranning. Available onlirftetp://www.naturvardsverket.se/ (accessed
on 27 January 2013).

Wallington T.J., Grahn M., Anderson J.E., MuelleASWilliander M.I., Lindgren K. (2010). Low- CO
electricity and hydrogen: A help or hindrance flarcéric and hydrogen vehiclegEhvironmental
Science and Technology (ES&44(10) 2702—2708.

Wallington T.J., Anderson J.E., Winkler S.L., Gra¥in(2012). Sustainable mobility: insights from a
global energy model. Chapter iBustainability Science and Engineetimblished by Springer
2012.

Wigley, T.M.L.; Richels, R.; Edmonds, J.A. (199Eronomic and environmental choices in the
stabilization of atmospheric CO2 concentratidwature379: 240-243.

54



Grahn et al. Descriptiortted global energy systems model GET-RC 6.1 16 July 2013.

Appendix 1: Data

Values on parameters in GET-RC 6.1.

Table 2 dec_elede_in) Table 5. fut luc_emiqT_all_copy)
Fuels [] T all copy  MtClyr
bio 0.04 1990 1100
coal 0.04 2000 1000
oil 0.03 2010 800
NG 0.025 2020 600

2030 400
2040 200

Table 3 emis_faci(fuels) 2050 100
Fuels MtC/EJ 2060 0
bio 32 2070 0
coal 24.7 2080 0
oil 20.5 2090 0
NG 154 2100 0
emis_fact syn 19.1 2110 0

2120 0

Table 4. hist_fos_emigt_h) 2130 0
t h MtClyr 2140 0
1800 8
1810 10 Table 6. fut_biota_sinkqT_all_copy)
1820 14 T all_copy MtClyr
1830 24 1990 1000
1840 33 2000 1000
1850 54 2010 1000
1860 91 2020 900
1870 147 2030 800
1880 236 2040 800
1890 356 2050 800
1900 534 2060 800
1910 819 2070 800
1920 932 2080 700
1930 1053 2090 700
1940 1299 2100 600
1950 1630 2110 500
1960 2578 2120 400
1970 4075 2130 300
1980 5297 2140 200
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Table 7. init_eng(R)

R Gvehicles Table 11.imp_cost(fuels)
NAM 0.025 Fuels GUSD/ EJ
EUR 0.018 bio 2.0
PAO 0.008 coal 1.0
FSU 0.008 oil 0.5
AFR 0.005 NG 15
PAS 0.004 nuclear 0.5
LAM 0.005
MEA 0.004 Table 12 imp costZ(sec)
CPA 0.011 sec GUSD/ EJ
SAS 0.006 BTL 1.0
CTL/GTL 1.0
Table 8 init_infra (R) H2 2.0
R T™W
NAM 0.013 Table 13 imp_cost_lin(fuels)
EUR 0.009 Fuels GUSD/ EJ
PAO 0.004 bio 0.00001
FSU 0.004 coal 0.00001
AFR 0.003 oil 0.00001
PAS 0.002 NG 0.00002
LAM 0.002 nuclear 0.00001
MEA 0.002
CPA 0.005 Table 14 imp cost_lin2(sec)
SAS 0.003 sec GUSD/ EJ
BTL 0.00001
Table 9. init_plant(R) CTL/GTL  0.00001
R T™W H2 0.00002
NAM 0.076
EUR 0.054 Table 15 elec frac PHE\(vehicle)
PAO 0.023 vehicle [-]
FSU 0.024 p_car 0.65
AFR 0.015 f road 0.53
PAS 0.013
LAM 0.015 Table 16.life_infra (synfuel_gas)
MEA 0.011 synfuel gas yr
CPA 0.033 BTL 50
SAS 0.019 CTL_GTL 50
H2 50
Table 10.init_supply(R) NG 50
R EJ
NAM 0.076 Table 17.cost_infra(synfuel_gas)
EUR 0.054 synfuel_gas USD/KW
PAO 0.023 BTL 500
FSU 0.024 CTL_GTL 500
AFR 0.015 H2 2000
PAS 0.013 NG 1500
LAM 0.015
MEA 0.011
CPA 0.033
SAS 0.019
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Table 18 high speed_ train_globé) Table 19 cost_eng_bas@oad_fuel, e_type,

t [-] vehicle)
1990 0.04 road fuel, e type USD/carUSD/truck
2000 0.04 BTL.O 100 100
2010 0.04 CTL/GTL.O 100 100
2020 0.04 BTL.FC 6000 19400
2030 0.06 CTL/GTL.FC 6000 19400
2040 0.10 BTL.HEV 1700 5800
2050 0.14 CTL/GTL.HEV 1700 5800
2060 0.20 BTL.PHEV 5600 21800
2070 0.24 CTL/GTL.PHEV 5600 21800
2080 0.26 H2.0 2600 10300
2090 0.28 H2.FC 6400 21900
2100 0.30 petro.0 0 0
2110 0.30 petro.FC 6000 19400
2120 0.30 petro.HEV 1600 5700
2130 0.30 petro.PHEV 5500 21700
2140 0.30 NG.0 1400 5200
elec.BEV 15600 62500

high_speed_trai(R,t) =high_speed_train_globét;

cost_infra_modsynfuel_gas) =
cost_infra(synfuel_gas) *1i(_invest+ 1fife_infra (synfuel_gas)) /r(+ 1life_infra (synfuel_gas));

If_infra (synfuel_gas) = 0.7,
life_plant(e_in, e_out, type) = 25;
life_plant("hydro", "elec", "0") = 40;
life_plant("solar_CSP", "elec", "0") = 30;
life_eng(trsp_fuel,e_type,vehicle) = 15;
OM_cost_fr(e_in, e_out) = 0.04;
OM_cost_fr("solar_CSP", "elec") = 0.014;
c_tax(R, t) =0;

vehicle_cos("p_car") = 20000;
vehicle_cos("f_road") = 80000;

cost_endroad_fuel, e_type, vehicle, t)cost_eng_baggoad_fuel, e_type, vehicle)vehicle cost
(vehicle);

cost_eng_mocroad_fuel, e_type, vehicle, t) =
cost_endroad_fuel, e_type, vehicle, t) ¥ (nvest+ 1/ife_eng(road_fuel, e_type, vehicle))/
(r+1/ife_eng(road_fuel, e_type, vehicle));
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Table 2Q trsp_conv_statiftrsp_fuel, e_type, trsp_mode) [-]

trsp_fuel, e_type p_rail, f rail p_air f air
BTL.O 0 0 0
CTL/GTL.O 0 0 0
BTL.FC 0 0 0
CTL/GTL.FC 0 0 0
BTL.HEV 0 0 0
CTL/GTL.HEV 0 0 0
BTL.PHEV 0 0 0
CTL/GTL.PHEV 0 0 0
H2.0 0 0 0
H2.FC 0 0 0
petro.0 0 1 1
petro.FC 0 0 0
petro.HEV 0 0 0
petro.PHEV 0 0 0
NG.0 0 0 0
elec.0 1 2 0
elec.PHEV 0 0 0
elec.BEV 0 0 0
air_fuel.0 0 1 1

Note that high-speed-train is modeled as a shape af

trsp_conutrsp_fuel, e_type, trsp_mode, tyrsp _conv_stati¢trsp_fuel, e_type, trsp_mode);

Table 21. trsp_conv_caftrsp_fuel, e_type, t) [-]

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120 2130 2140

BTL.O 0.96 1 104 1.08 1.13 1.17 122 1.27 132 138 143 149 155 161 1.68 1.68
BTL.FC 123 1.28 133 139 144 15 156 163 169 1.76 1.83 191 1.99 2.07 2.15 2.15
CTL/GTL.O 0.96 1 104 1.08 1.13 1.17 122 1.27 132 138 143 149 155 161 1.68 1.68
CTL/GTL.FC 123 1.28 133 139 144 15 156 163 1.69 1.76 1.83 191 1.99 2.07 215 215
BTL.HEV 125 13 135 141 147 153 159 165 1.72 1.79 186 194 2.02 2.1 218 2.18
CTL/GTLHEV 125 13 135 141 147 153 159 165 1.72 1.79 186 194 202 2.1 218 2.18
BTL.PHEV 144 15 156 162 169 176 183 191 198 2.06 215 224 233 242 252 2.52
CTL/GTL.PHEV 144 15 156 162 169 1.76 1.83 191 198 2.06 2.15 224 233 242 252 252
H2.0 1.09 1.13 1.18 122 127 133 138 144 149 156 162 168 175 182 19 19
H2.FC 1.73 1.8 1.87 195 2.03 211 22 229 238 248 258 2.68 2.79 291 3.02 3.02
petro.0 09 1 104 108 1.13 117 122 1.27 132 138 143 149 155 161 168 1.68
petro.FC 112117 122 1.27 132 137 143 149 155 161 168 1.74 1.82 1.89 1.97 1.97
petro.HEV 125 13 135 141 147 153 159 165 1.72 1.79 186 194 2.02 21 218 218
petro.PHEV 144 15 156 1.62 169 1.76 1.83 191 198 2.06 2.15 224 2.33 242 252 2.52
NG.0 0.96 1 104 1.08 1.13 1.17 122 1.27 132 138 143 149 155 161 1.68 1.68
elec.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
elec.PHEV 3.71 375 3.8 384 389 393 3.98 4.03 4.08 4.13 4.18 423 4.28 4.33 4.38 4.38
elec.BEV 3.71 3.75 3.8 3.84 3.89 3.93 3.98 4.03 4.08 4.13 4.18 4.23 4.28 4.33 4.38 4.38
air_fuel.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 22 trsp_conv_freighftrsp_fuel, e_type, t) [-]

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120 2130 2140

BTL.O 0.96 1 104 108 1.13 1.17 122 127 132 138 143 149 155 161 1.68 1.68
BTL.FC 1.01 1.05 11 114 119 124 129 134 139 145 151 157 164 1.7 1.77 1.77
CTL_GTL.O 0.96 1 104 108 1.13 1.17 122 127 132 138 143 149 155 161 1.68 1.68
CTL_GTL.FC 1.01 1.05 11 114 119 124 129 134 139 145 151 157 164 1.7 1.77 1.77
BTL.HEV 106 11 114 119 124 129 134 14 145 151 158 164 171 1.78 185 1.85
CTL_GTLHEV 106 1.1 1.14 119 124 129 134 14 145 151 158 164 1.71 178 1.85 1.85
BTL.PHEV 127 132 138 143 149 155 162 168 1.75 182 19 197 2.05 2.14 222 222
CTL_GTL.PHEV 1.27 1.32 138 143 149 155 162 1.68 1.75 1.82 19 197 205 214 222 222
H2.0 1.09 1.13 1.18 1.22 127 133 138 144 149 156 162 168 1.75 182 19 19
H2.FC 149 155 162 168 1.75 182 19 198 2.06 214 223 232 241 251 261 261
petro.0 09 1 104 108 1.13 1.17 1.22 1.27 132 1.38 143 149 155 161 1.68 1.68
petro.FC 105 1.1 114 119 124 129 134 139 145 151 157 164 1.7 1.77 1.84 1.84
petro.HEV 115 1.2 125 13 135 141 147 152 159 165 172 179 186 1.94 2.02 2.02
petro.PHEV 127 1.32 1.38 1.43 149 155 162 168 1.75 182 19 197 2.05 214 222 222
NG.0 086 09 094 097 101 106 1.1 1.14 119 124 129 134 14 145 151 151
elec.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
elec.PHEV 3.18 3.21 3.25 3.29 3.33 3.37 341 3.45 35 354 358 3.62 3.67 3.71 3.76 3.76
elec.BEV 3.18 3.21 3.25 3.29 3.33 3.37 341 345 35 354 358 3.62 3.67 3.71 3.76 3.76
air_fuel.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

trsp_conutrsp_fuel, e_type, "p_car", t)tssp_conv_caftrsp_fuel, e_type, t);
trsp_conutrsp_fuel, e_type, "p_bus", t)trssp_conv_freighftrsp_fuel, e_type, t);
trsp_conutrsp_fuel, e_type, "f_road", t) trsp_conv_freighftrsp_fuel, e_type, t);
trsp_conutrsp_fuel, e_type, "f_sea", t)trsp_conv_freigh(trsp_fuel, e_type, t);
trsp_conutrsp_fuel, e_type, "f_isea", t)trsp_conv_freighftrsp_fuel, e_type, t);

Table 23 heat_effic(cg_e_in, cg_type, cg_e out) []

cg_e_in, cg_type elec BTL CTL/GTL H2
bio.cg 0.55 0 0 0
bio.cg_CCS 0.55 0 0 0
NG.cg 0.40 0 0 0
NG.cg_CCS 0.35 0 0 0
oil.cg 0.45 0 0 0
oil.cg_CCS 0.45 0 0 0
coal.cg 0.50 0 0 0
coal.cg_CCS 0.50 0 0 0
H2.cg 0.40 0 0 0

Table 24 price (fuels, R) [GUSD/EJ]
R imp NAM EUR PAO FSU AFR PAS LAM MEA CPA SAS

bio 30 40 20 40 20 20 20 20 20 20
coal 10 10 10 10 10 10 10 10 10 10
oil 30 30 30 30 30 30 30 30 30 30
NG 25 25 25 25 25 25 25 25 25 25

nuclear 10 10 10 10 10 10 10 10 10 1.0
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Table 25 distancgR_imp, R_exp) [km]

R_imp NAM EUR PAO FSU AFR PAS LAM MEA CPA SAS
NAM 0 6800 9600 7900 10400 13300 8100 10000 10100 12800
EUR 6800 0 9700 2500 4200 9400 8713 3200 8200 7000
PAO 9600 9700 0 7500 12200 4600 17700 9600 2100 6700
FSU 7900 2500 7500 0 5200 7100 11200 2900 5800 5000
AFR 10400 4200 12200 5200 0 9200 7600 2600 10100 6200
PAS 13300 9400 4600 7100 9200 0 16600 7300 3300 3000
LAM 8100 8713 17700 11200 7600 16600 0 9900 16900 13800
MEA 10000 3200 9600 2900 2600 7300 9900 0 7600 4400
CPA 10100 8200 2100 5800 10100 3300 16900 7600 0 4800
SAS 12800 7000 6700 5000 6200 3000 13800 4400 4800 0
Table 26 supply pot (primary, R) [EJ]
R_imp NAM EUR PAO FSU AFR PAS LAM MEA CPA SAS
Bio 18 20 2 13 44 6.5 65 0.25 20 17
Coal 37262 17640 19074 121747 6457 380 1983 633 54649 3756
Qil 1550 864 65 1115 830 96 1144 5362 564 254
NG 1959 1420 155 2348 706 165 665 2578 315 434
Nuclear 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
Wind 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
Hydro 2.57 2.7 0.5 204 188 050 253 0.05 3.28 1.30
Solar 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
Solar_CSP 1000 1000 1000 0 1000 1000 1000 1000 1000 1000
supply_pot(primary, R, t) =supply_pot_Q{primary, R);
Table 27 init_cap(e_in, e out, type, R) [TW]

NAM EUR PAO FSU AFR PAS LAM MEA CPA  SAS
bio.elec.0 0.0155 0.0053 0.021 0.00384 0 0.00096 0.0024 0.00043 0.00098 0.00096
bio.heat.0 0.135210.12215 0.02391 0.03511 0.3796 0.16549 0.14642 0.00358 0.387  0.34
coal.elec.0 039 024 006 0.08 0.0285 0.03 0.005 0.004 0235 0.05
coal.heat.0  0.08259.34336 0.00584 0.37903 0.15683 0.3104 0.27984 0.04344 0.26989 0.3
NG.elec.0 0.08 0.047 0.05 0.18 0.0008 0.008 002  0.04 0.0007 0.005
NG.heat.0  0.233540.11133 0.09835 0.63462 0.46688 0.0097 0.13464 0.01415 0.3381 0.4
oil.elec.0 0.04 0.057 0.04 0.04 0.003 003 003 0044 0.008 0.006
oil.heat.0 0.72370.77939 0.16286 0.35523 0.2435 0.04772 0.00784 0.27326 0.15058 0.2
oil.petro.0  1.286150.75803 0.20182 0.35448 0.10533 0.14582 0.30928 0.22679 0.18356 0.14197

nuclear.elec.00.13212 0.15489 0.03886 0.04098 0.00183 0.0165 0.00266

hydro.elec.0

0.12510.10505 0.02777 0.05554 0.00932 0.00785 0.08633

0

0 0.00107

0.00483 0.03575 0.02113

60

16 July 2013.



Grahn et al. Descriptiortted global energy systems model GET-RC 6.1 16 July 2013.

Table 28 cost_inv_basé¢e_in, type, e _out) [GUSD/KW]

heat elec BTL CTL/GTL H2 NG petro air_fuel
bio.0 300 1200 1000 800 1300
bio.cg 1300
bio.dec 500 1700 1000
bio.cg_dec 1800
hydro.0 1000
wind.0 600
solar.0 400 1200 2000
solar_CSP.0 3200
NG.0 100 500 600 300 0 1000
NG.cg 600
NG.dec 300 900 500
NG.cg_dec 1000
0il.0 100 600 400 900
oil.cg 700
oil.dec 300 1000 600
oil.cg_dec 1100
coal.0 300 1100 1000 700 1300
coal.cg 1200
coal.dec 500 1500 900
coal.cg_dec 1600
nuclear.0 2000
H2.0 100 500 0
H2.cg 600
elec.0 100 700

cost_inv(e_in, e_out, type, t) sost_inv_basée_in, type, e_out);
cost_inv_mode_in, e_out, type, t) =

cost_inv(e_in, e_out, type, t) *(invest+ 1life_plant(e_in, e_out, type))/
(r+1/ife_plant(e_in, e_out, type));
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Table 29 If global(e in, type, e _out) [-]
heat elec BTL CTL/GTL H2 NG petro air_fuel
bio.0 0.7 0.7 0.6 0.8
bio.cg 0.7
bio.dec 0.7 0.7 0.6
bio.cg_dec 0.7
hydro.0 0.7
wind.0 0.25
solar.0 0.25 0.25 0.25
solar_CSP.0 0.6
NG.0 0.7 0.7 0.8 0.6 0.7 0.8
NG.cg 0.7
NG.dec 0.7 0.7 0.6
NG.cg_dec 0.7
0il.0 0.7 0.7 0.6 0.8
oil.cg 0.7
oil.dec 0.7 0.7 0.6
oil.cg_dec 0.7
coal.0 0.7 0.7 0.7 0.6 0.8
coal.cg 0.7
coal.dec 0.7 0.7 0.6
coal.cg_dec 0.7
nuclear.0 0.7
H2.0 0.7 0.7 0.7
H2.cg 0.7
elec.0 1 0.7

If(e_in, type, e_out, R) K global(e_in, type, e_out);

If("solar", "0", e_out,"LAM") = 0.28;
If("solar", "0", e_out,"MEA") = 0.28;
If("solar", "0", e_out,"CPA") = 0.28;
If("solar", "0", e_out,"AFR") = 0.28;
If("solar", "0", e_out,"PAS") = 0.28;
If("solar", "0", e_out,"SAS") = 0.28;
If("solar", "0", e_out,"NAM") = 0.27;
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Table 30.effic_ 0(e_in, type, e_out) []
heat elec BTL CTL/GTL H2 NG petro air_fuel
bio.0 0.9 0.5 0.5 0.6 0.5
bio.cg 0.35
bio.dec 0.8 0.3 0.55
bio.cg_dec 0.25
hydro.0 1
wind.0 1
solar.0 1 1 1
solar_CSP.0 1
NG.0 09 055 0.7 0.8 1 0.6
NG.cg 0.5
NG.dec 0.8 045 0.75
NG.cg_dec 0.4
0il.0 0.9 0.5 0.75 0.9
oil.cg 0.45
oil.dec 0.8 0.4 0.7
oil.cg_dec 0.35
coal.0 0.9 0.5 0.5 0.65 0.5
coal.cg 0.4
coal.dec 0.8 0.35 0.6
coal.cg_dec 0.3
nuclear.0 0.33
H2.0 09 055 0.67
H2.cg 0.5
elec.0 0.95 0.8

effic_current(e_in, type, e_out) =ffic_0(e_in, type, e_out) - 0.1;

effic (e_in, type, e_out, t) =

min (effic_0(e_in, type, e_out)gffic_0(e_in, type, e_out)effic_current(e_in, type, e_out))/

t tech_effick((ord(t)-1)* t_step + effic_current(e_in, type, e_out));
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Table 31 flow matrix(e_in, type, e _out) [-]

heat elec BTL CTL/GTL H2 N
0

petro  air_fuel

bio.0
bio.cg
bio.dec
bio.cg_dec
hydro.0
hydro.cg
hydro.CCS
hydro.cg_CCS
wind.0
wind.cg
wind.CCS
wind.cg_CCS
solar.0
solar.cg
solar.CCS
solar.cg_CCS
solar_CSP.0
solar_CSP.cg
solar_CSP.CCS
solar_CSP.cg_CCS
NG.0
NG.cg
NG.dec
NG.cg_dec
oil.0
oil.cg
oil.dec
oil.cg_dec
coal.0
coal.cg
coal.dec
coal.cg_dec
nuclear.0
nuclear.cg
nuclear.CCS
nuclear.cqg_CCS
H2.0
H2.cg
H2.CCS
H2.cg_CCS
elec.0
elec.cg
elec.CCS
elec.cg_ CCS

Hl—"_‘ol—"_\HOHI—‘I—‘"‘HOHOHOHOHOHOHHHHI—‘I—‘"‘OI—"_‘H'_\I—\HHHI—‘OHO
I—‘I—"—‘"‘HHOOHHHOOOOOOOOOOOOOHHHOI—\HHOI—\HHOI—\I—"_‘OOOOO
|_\|_\|—\I—‘|_\I—‘|—‘|_‘|_\|_\|_\|_\|_\|_\I—\I—‘|—\HHHHHHHHHHHHHHHHHHHHHI—‘HHHH
H""_‘HHHHHHHH'—‘H'—‘HOHHHHI—‘HHOHHH,_\H'—"_"_"_"_\HHI—\'_‘HH'_‘HHH
I—‘I—‘HOHHHHHHHHHO"‘OHOHOI—\OHOHHHHI—\HHOHHHHI—\l—"_‘HHoHO
|_\|_\|_\|_\H|_\I—\I—‘|_\|_‘|_\HHHHHHHI—‘HHHHOHHHHHHHHHHHI—‘H'_\|_\|—\HHHI—‘O
H""_\H"‘HHHHI—‘""_‘I—"_"_\H'_‘HHOHHHHHHHHHHHHHHHHHHHHHHHH
"‘HHHHHHOHHHHHHHOHHHHI—"_"_‘ol_\l_\HHHHHHHHHHI—\HHHHHHO
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Table 32 heat dem re(R, T_all) [EJ]
2130-
1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120 2140
NAM 29.61 33.29 31.69 28.7 23.81 20.11 16.42 13.38 10.35 886 7.36 5.86 575 5.63 5.52
EUR 30.48 29.49 28.68 26.48 24.41 22.06 19.71 17.17 14.62 13.44 12.26 11.09 10.87 10.65 10.44
PAO 9.17 12.04 1082 9.16 7.34 595 455 394 332 31 288 266 266 266 2.66
FSU 28.23 18.07 27.34 28.36 27.61 26.15 24.69 22.2 19.71 17.55 15.39 13.24 12.97 12.71 12.46
LAM 6.32 7.96 1528 17.32 18.15 18.35 18.55 17.14 15.73 15.19 1464 141 141 141 141
MEA 4.48 7.13 8.37 10.83 14.06 17.74 21.42 24.82 28.23 30.88 33.52 36.17 36.89 37.63 38.38
AFR  3.15 12.39 15.83 19.13 22.82 25.81 28.8 32.19 35.59 40.78 45.97 51.16 53.72 56.41 59.23
CPA 16.94 25.43 45.09 50.66 55.04 54.19 53.33 49.4 45.46 43.32 41.18 39.05 38.26 37.5 36.75
PAS 421 9.89 15.13 16.09 16.83 16.56 16.29 14.8 13.31 12.77 12.23 11.69 11.69 11.69 11.69
SAS  6.31 14.84 20.97 24.75 27.75 32.07 36.39 42.43 48.47 52.58 56.69 60.81 63.85 67.04 70.39
Table 33 elec dem re@R, T_all) [EJ]
2130-
1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120 2140
NAM 12.67 16.32 16.93 17.29 17.48 17.15 16.84 15.61 14.41 13.53 12.66 11.78 11.19 10.63 10.1
EUR  8.95 10.61 12.38 13.63 15.02 16.03 17.03 17.06 17.09 16.63 16.18 15.72 15.72 15.72 15.72
PAO 375 52 519 528 558 54 523 497 471 465 458 452 452 452 452
FSU 483 354 4.94 5 522 552 584 621 658 699 74 781 7.81 7.81 7.81
LAM 16 243 337 398 466 532 598 7.41 8.82 9.71 10.59 11.49 11.49 11.49 11.49
MEA 0.71 138 1.85 255 3.43 4.78 6.11 8.43 10.73 14.72 18.71 22.7 23.84 25.03 26.28
AFR 095 129 158 202 244 367 489 6.62 8.34 13.07 17.81 22.55 24.81 27.29 30.01
CPA 287 526 6.95 9.1 11.73 14.53 17.34 20.26 23.19 25.13 27.07 29.03 3048 32 33.6
PAS 0.84 154 265 4.12 548 7.07 8.67 9.92 11.18 11.97 12.78 13.58 13.58 13.58 13.58
SAS 1.23 224 275 353 4.7 6.34 7.99 11.09 14.22 19.21 24.21 29.23 32.15 35.36 38.9
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Table 34 ptrsp_all(R, ptrs_mode, t) [EJ]

2130-

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120 2140

NAM.p_car 12491454 15.4 15.53 15.37 1452 135 12.34 11.07 9.77 8.45 7.17 593 477 3.68
EUR.p_car 6.64 8.27 9.12 956 9.89 9.92 9.86 9.44 8.88 8.36 7.69 6.96 6.21 547 4.74
PAO.p_car 1.87 259 252 232 229 221 2,09 195 18 167 153 139 123 1.06 0.89
FSU.p_car 0.99 0.23 0.24 025 043 0.73 117 171 245 3.09 385 47 471 451 4.23
LAM.p_car 0.99 1.54 3 453 5.66 7 8.47 10.1 11.43 12.69 13.29 13.55 13.05 12.29 11.42
MEA.p_car 0.36 0.57 111 1.66 2.33 349 495 6.37 7.84 9.28 11.03 13.14 15.72 16.57 16.41
AFR.p_car 0.47 0.65 1.02 138 187 2.7 3.75 53 7.75 12.87 20.95 32.01 39.86 41.47 43.02
CPA.p_car 0.01 0.05 0.51 0.97 2.23 4.15 7.08 9.54 12.39 14.93 17.19 18.12 18.42 18.47 18.25
PAS.p_car 0.19 042 145 25 331 397 467 523 586 6.78 743 815 7.6 6.62 5.42
SAS.p_car 0.12 024 055 086 185 4.1 7.3 12.1 18.34 23.59 26.51 27.77 26.78 24.18 21.15
NAM.p_bus 0.22 0.23 0.23 0.22 0.21 0.2 0.19 0.17 0.16 0.15 0.14 0.13 0.12 0.11 01
EUR.p_bus 044 04 038 036 036 034 03 026 022 018 0.15 0.12 011 0.1 0.09
PAO.p_bus 0.13 0.16 0.14 0.12 0.12 0.11 0.11 0.1 0.1 0.09 0.09 0.08 0.08 0.08 0.07
FSU.p_bus 059 0.34 0.3 025 031 035 0.36 0.33 0.27 0.19 0.12 0.05 0 0 0
LAM.p_bus 0.25 0.32 048 065 064 06 056 051 048 046 043 04 036 034 0.32
MEA.p_bus 0.23 0.34 052 0.71 0.76 0.69 057 054 056 055 054 052 048 042 04
AFR.p_bus 0.17 0.23 0.34 044 053 063 076 098 121 132 119 11 101 09 038
CPA.p_bus 0.09 025 069 1.16 144 149 15 144 137 128 119 1.1 1 091 0.82
PAS.p_bus 0.24 0.33 0.47 069 0.7 0.7 069 066 062 058 054 05 045 04 0.35
SAS.p_bus 0.54 092 132 1.73 198 212 222 219 209 194 177 158 143 126 1.13
NAM.p_rail 0.09 0.11 0.11 0.11 0.11 0.11 012 O01 01 01 01 0.09 0.09 0.09 0.08
EUR.p_rail 0.24 0.27 029 0.29 0.3 0.31 033 033 033 034 035 0.36 036 0.37 0.38
PAO.p_rail 0.07 0.08 0.07 0.06 0.06 0.05 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.03 0.03
FSU.p_rall 0.33 0.31 0.27 0.23 0.26 029 034 037 04 042 044 046 047 048 05
LAM.p_rail 0 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03
MEA.p_rail 0.01 0.01 0.01 0.02 0.02 0.03 0.03 0.04 0.04 005 0.06 0.07 0.08 0.09 0.1
AFR.p_rall 0.01 0.01 0.01 0.02 0.02 0.03 0.03 0.04 0.04 0.05 005 0.06 0.07 0.07 0.08
CPA.p_rail 0.02 0.05 012 0.2 024 026 03 032 035 037 039 042 045 047 05
PAS.p_rall 0 0.01 0.02 0.03 0.04 0.04 0.05 0.05 0.06 0.06 0.07 0.08 009 01 o0.11
SAS.p_rail 0.05 0.07 0.09 0.12 0.14 0.17 02 025 032 038 044 051 055 0.58 0.59
NAM.p_air 207 338 442 54 641 75 874 958 10.21 10.47 10.58 10.62 10.62 10.62 10.62
EUR.p_air 1.19 244 328 423 5.1 575 657 7.37 8 825 851 8.64 864 8.64 8.64
PAO.p_air 0.63 0.88 1.07 1.29 151 1.72 196 207 232 246 253 256 259 26 26
FSU.p_air 1.27 0.17 0.23 0.34 045 061 082 111 148 185 21 231 244 252 256
LAM.p_air 0.11 0.57 0.87 134 2.01 291 418 5.07 561 585 6.01 6.16 6.16 6.16 6.16
MEA.p_air 0.14 0.27 0.36 0.48 0.63 0.78 094 121 165 2.07 278 378 512 645 7.1
AFR.p_air 0.06 0.2 031 047 069 096 131 191 2.7 392 57 833 11.37 1421 15.93
CPA.p_air 0.02 0.37 066 1.04 15 211 296 364 472 58 7.28 9.03 11.13 12.6 13.44
PAS.p_air 0.18 0.52 0.78 1.14 158 218 297 395 5.23 6.85 8.67 10.09 10.74 11.07 11.07
SAS.p_air 0.08 0.13 0.22 035 052 076 1.09 19 371 6.3 9.77 1415 16.1 17.16 17.95
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Table 35.frgt_all (R, frgt_mode, t) [EJ]
2130-
1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120 2140
NAM.f_road 522 6.58 7.25 7.91 856 891 9.23 946 9.65 9.78 9.88 995 9.96 9.95 9.91
EUR.f_road 355395 4.15 4.14 429 436 443 442 441 441 44 441 435 427 4.21
PAO.f_road 153197 181 164 165 163 16 156 152 151 1.49 147 146 144 142
FSU.f_road 188201 171 14 161 182 2.05 222 24 249 258 266 268 268 2.69
LAM.f_road 1.46 2.05 34 485 541 589 64 674 708 735 7.64 792 787 781 7.74
MEA.f_road 1.16 1.7 2.79 3.89 457 521 593 654 721 7.6 8 843 8.79 9.08 9.15
AFR.f_road 089 1.2 176 231 28 335 399 474 563 6.62 7.77 9.11 10.06 10.43 10.71
CPA.f_road 0.73 1.52 3.86 6.28 7.89 9.22 10.64 11.62 12.59 13.25 13.88 14.47 14.78 15.06 15.29
PAS.f_road 0.570.83 1.79 2.76 3.16 345 3.76 391 4.05 423 44 458 469 48 4091
SAS.f road 112175 2.36 297 345 399 461 537 623 682 745 8.14 849 876 8.9
NAM.f_rail 122 137 144 143 142 137 133 126 122 1.16 111 106 1.01 095 0.91
EUR.f_rail 0.19 0.2 0.19 0.19 0.18 0.19 0.19 0.18 0.18 0.17 0.17 0.16 0.15 0.15 0.15
PAO.f_rail 0.03 0.04 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 002 0.01 0.01 0.01
FSU.f_rail 0.23 0.23 0.19 0.14 0.15 0.16 0.17 0.17 0.18 0.17 0.17 0.17 0.16 0.16 0.15
LAM.f_rall 0.07 0.09 0.14 0.2 021 0.22 0.23 0.24 024 024 024 024 023 022 0.21
MEA.f_rail 0.01 0.02 0.03 0.04 0.04 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.07 0.07 0.07
AFR.f_rail 0.03 0.04 0.06 0.07 0.08 0.09 0.1 0.12 0.24 0.15 0.18 0.2 0.22 0.22 0.22
CPA.f_rail 0.32 053 0.88 133 146 153 159 158 158 154 15 146 14 134 1.29
PAS.f_rail 0.06 0.08 0.15 0.23 0.25 0.26 0.27 0.26 0.26 0.26 0.26 0.26 0.26 0.25 0.25
SAS.f_rail 0.08 0.11 0.15 0.18 0.2 0.22 0.25 0.28 0.31 0.32 0.34 0.36 0.36 0.36 0.36
NAM.f_sea 051 058 06 06 06 058 056 054 052 05 047 045 042 041 0.39
EUR.f_sea 01011 021 01 01 021 0.09 0.09 0.09 0.08 0.08 0.08 0.07 0.07 0.07
PAO.f_sea 0.12 0.14 0.13 0.11 0.11 0.09 0.09 0.08 0.07 0.07 0.07 0.06 0.06 0.06 0.06
FSU.f_sea 0.10.11 0.08 0.06 0.07 0.07 0.08 0.08 0.08 0.08 0.08 0.08 0.07 0.07 0.07
LAM.f_sea 0.06 0.07 0.11 0.16 0.17 0.18 0.19 0.19 019 0.2 0.2 0.2 0.19 0.18 0.17
MEA.f_sea 0.01 0.02 0.03 0.04 0.04 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.07 0.07 0.07
AFR.f_sea 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.03 0.04 0.04 0.05 0.05 0.05
CPA.f_sea 0.10.16 0.3 045 05 052 054 054 053 052 05 05 048 0.46 0.44
PAS.f_sea 0.020.03 0.05 0.07 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
SAS.f sea 0.010.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02
NAM.f_air 0.1 0.13 0.14 0.15 0.16 0.16 0.17 0.17 0.18 0.18 0.18 0.18 0.18 0.18 0.18
EUR.f_air 009 01 01 01 01 021 01 01 01 01 01 01 021 0.09 0.09
PAO.f_air 0.02 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
FSU.f_air 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
LAM.f_air 0.02 0.02 0.04 0.06 0.06 0.07 0.08 0.08 0.08 0.09 0.09 0.09 0.09 0.09 0.09
MEA.f_air 0.02 0.02 0.04 0.05 0.06 0.07 008 009 009 01 01 01 01 011 o011
AFR.f_air 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.06 0.06 0.06
CPA.f_air 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.06 0.06 0.06
PAS.f_air 0.01 0.01 0.02 0.02 0.03 0.03 0.03 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.04
SAS.f_air 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.06 0.06 0.06 0.06
NAM.f_isea 2.26 2.67 2.87 3.07 3.27 3.39 356 3.68 3.87 3.97 4.04 423 433 4.46 4.48
EUR.f_isea 0.46 0.5 052 054 057 0.62 0.6 0.65 071 0.68 0.74 0.81 0.76 0.8 0.85
PAO.f_isea 053066 0.6 054 057 056 0.6 058 055 059 0.64 0.61 0.65 0.69 0.73
FSU.f_isea 0.44 05 041 032 0.4 043 054 058 063 068 0.74 081 0.76 0.8 0.85
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LAM.f _isea
MEA.f_isea
AFR.f_isea
CPA.f_isea
PAS.f_isea
SAS.f isea

Descriptiortted global energy systems model GET-RC 6.1

0.26 0.34
0.05 0.09
0.03 0.04
0.43 0.74
0.09 0.12
0.03 0.04

0.63
0.15
0.05

0.92
0.22
0.05
172 2.7 3.15 3.58
0.25 0.38 0.46 0.49
0.05 0.05 0.06 0.06

1.03
0.23
0.12

1.17
0.31
0.12

1.34
0.34
0.13
4.03
0.54
0.07

1.44
0.43
0.22
4.32
0.58
0.07

1.58
0.47
0.24
4.66
0.63
0.16

1.78
0.51
0.25

4.9
0.68
0.17

1.93
0.55
0.37
5.14
0.74
0.18

2.12
0.61
0.4
5.54
0.81
0.2

2.17
0.76
0.54
5.74
0.87
0.22

2.17

0.8
0.57
5.84
0.92
0.23

16 July 2013.

2.18
0.85
0.61
5.94
0.97
0.24

trsp_dem(R,
trsp_dem(R,
trsp_dem(R,
trsp_dem(R,
trsp_dem(R,
trsp_dem(R,
trsp_dem(R,
trsp_dem(R,
trsp_dem(R,

Table 36 nu

"p_rail", t) =ptrsp_all(R, "p_rail", t);

"p_air", t) =ptrsp_all(R, "p_air", t);

"p_car", t) mptrsp_all(R, "p_car", t)*1.004**¢_stei(ord(t)-1));
"p_bus", t) mptrsp_all(R, "p_bus", t)*1.004**{ step(ord(t)-1));
"f_rail", t) =frgt_all (R, "f_rail", t);

"f_air", t) =frgt_all (R, "f_air", t);

"f road", t) =frgt_all (R, "f_road", t)*1.004**¢_stepF(ord(t)-1));
"f sea", t) Hrgt_all (R, "f_sea", t)*1.004**{_step(ord(t)-1));
"f_isea", t) =rgt_all (R, "f_isea", t)*1.004**(_step(ord(t)-1));

m_car{R, t) [Gcars]

1990

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

2110

2120

2130-
2140

NAM
EUR
PAO
FSU
LAM
MEA
AFR
CPA
PAS
SAS

0.1683
0.1504
0.0433
0.0188
0.0368
0.0097
0.007
0.0004
0.0104

0.
0.
0.

0.004
0.
0.

0.
0.
0.0041 0.

1764
1893
0541

0.2085
0.2418

0.067
0.0054
0.0726
0.0225
0.0144
0.0082
0.0426
0.0121

0.2283
0.2745
0.0731
0.0082
0.0995
0.0342
0.0208
0.0245
0.0684
0.0236

0.2423
0.3045
0.0775
0.0143
0.1333
0.0533
0.0309
0.0605
0.0974
0.0543

0.2457
0.3258
0.0799
0.0243
0.1768
0.0882
0.0491

0.121
0.1254
0.1294

0.2451
0.3465
0.0814
0.0398
0.2297
0.1341
0.0749
0.2213
0.1582
0.2473

0.2401
0.3549
0.0814
0.0597
0.2936
0.1853
0.1263

0.32
0.1897
0.4397

0.2311
0.3575
0.0803
0.0918
0.3563
0.2446
0.2049
0.4459
0.2287

0.715

0.2187
0.3591
0.0802
0.1241
0.4246
0.3104
0.3339
0.5762
0.2838
0.9863

0.2032
0.3534
0.0791
0.1657
0.4771
0.3958
0.6001
0.7116
0.3334
1.1892

0.1849
0.3423
0.0769
0.2172
0.5216

0.506
0.9859

0.805
0.3923
1.3365

0556
0148
0.01
0024
0228
0069

0.1641
0.3269

0.073
0.2336
0.5392
0.6493

1.317

0.878
0.3922
1.3826

0.1415
0.3082
0.0677
0.2398
0.5445
0.7341
1.4699
0.9442
0.3668
1.3391

0.1171
0.2859
0.0612

0.241
0.5425
0.7799

1.636
1.0008
0.3221
1.2569

Table 37.nu

m_truckgR, t) [Gtrucks]

1990

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

2110

2120

2130-
2140

NAM
EUR
PAO
FSU
LAM
MEA
AFR
CPA
PAS
SAS

0.0211 0.0273
0.0142 0.0167
0.0038 0.0043

0.001 0.0036
0.0105 0.014
0.0064 0.0089
0.0029 0.0042
0.0071 0.0146
0.0047 0.0073
0.0048 0.007

0.0331
0.0196
0.0047
0.0043
0.0165
0.0119
0.0059
0.0209
0.0101
0.0094

0.0387
0.0219

0.005
0.0052
0.0201
0.0153
0.0079
0.0286

0.013
0.0121

0.0439
0.0243
0.0052
0.0066
0.0239
0.0193
0.0104
0.0368

0.016
0.0153

0.0473
0.0263
0.0054

0.008
0.0277
0.0235
0.0133
0.0435
0.0184
0.0192

0.0509
0.0285
0.0056
0.0097
0.0321
0.0287
0.0171
0.0513
0.0213
0.0239

0.0543
0.0301
0.0057
0.0111
0.0358
0.0338
0.0217
0.0569
0.0233
0.0299

0.0579
0.0319
0.0058
0.0127
0.0399
0.0399
0.0275

0.063
0.0255
0.0372

0.0613
0.034
0.006

0.0139
0.044

0.0449

0.0345

0.0679

0.0281

0.0434

0.065
0.0362
0.0063
0.0152
0.0485
0.0506
0.0432
0.0732

0.031
0.0505

0.0688
0.0385
0.0065
0.0165
0.0534
0.0569
0.0541
0.0789
0.0341
0.0587

0.0724
0.0403
0.0068
0.0175
0.0562
0.0635
0.0636
0.0834

0.037

0.065

0.0763
0.0423
0.0072
0.0185
0.0593
0.0701
0.0702
0.0882
0.0401
0.0712

0.0802
0.0443
0.0075
0.0196
0.0624
0.0755
0.0768
0.0932
0.0435
0.0769

num_veh(R, "p_car", t) =num_cargR, t);
num_veh(R, "f_road", t) =num_truckqR, t);
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Table 38.IRfunc (T _all, T_all_copy) [-] (¥ half of the table)
1800 1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920 1930 1940 1950 1960

1800 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1810 0.747 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1820 0.644 0.747 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1830 0.573 0.644 0.747 1 0 0 0 0 0 0 0 0 0 0 0 0 0
1840 0.522 0.573 0.644 0.747 1 0 0 0 0 0 0 0 0 0 0 0 0
1850 0.482 0.522 0.573 0.644 0.747 1 0 0 0 0 0 0 0 0 0 0 0
1860 0.45 0.482 0.522 0.573 0.644 0.747 1 0 0 0 0 0 0 0 0 0 0
1870 0.424 0.45 0.482 0.522 0.573 0.644 0.747 1 0 0 0 0 0 0 0 0 0
1880 0.402 0.424 0.45 0.482 0.522 0.573 0.644 0.747 1 0 0 0 0 0 0 0 0
1890 0.383 0.402 0.424 0.45 0.482 0.522 0.573 0.644 0.747 1 0 0 0 0 0 0 0
1900 0.366 0.383 0.402 0.424 0.45 0.482 0.522 0.573 0.644 0.747 1 0 0 0 0 0 0
1910 0.35 0.366 0.383 0.402 0.424 0.45 0.482 0.522 0.573 0.644 0.747 1 0 0 0 0 0
1920 0.337 0.35 0.366 0.383 0.402 0.424 0.45 0.482 0.522 0.573 0.644 0.747 1 0 0 0 0
1930 0.325 0.337 0.35 0.366 0.383 0.402 0.424 0.45 0.482 0.522 0.573 0.644 0.747 1 0 0 0
1940 0.314 0.325 0.337 0.35 0.366 0.383 0.402 0.424 0.45 0.482 0.522 0.573 0.644 0.747 1 0 0
1950 0.304 0.314 0.325 0.337 0.35 0.366 0.383 0.402 0.424 0.45 0.482 0.522 0.573 0.644 0.747 1 0
1960 0.295 0.304 0.314 0.325 0.337 0.35 0.366 0.383 0.402 0.424 0.45 0.482 0.522 0.573 0.644 0.747 1

1970 0.287 0.295 0.304 0.314 0.325 0.337 0.35 0.366 0.383 0.402 0.424 0.45 0.482 0.522 0.573 0.644 0.747
1980 0.279 0.287 0.295 0.304 0.314 0.325 0.337 0.35 0.366 0.383 0.402 0.424 0.45 0.482 0.522 0.573 0.644
1990 0.272 0.279 0.287 0.295 0.304 0.314 0.325 0.337 0.35 0.366 0.383 0.402 0.424 0.45 0.482 0.522 0.573
2000 0.265 0.272 0.279 0.287 0.295 0.304 0.314 0.325 0.337 0.35 0.366 0.383 0.402 0.424 0.45 0.482 0.522
2010 0.259 0.265 0.272 0.279 0.287 0.295 0.304 0.314 0.325 0.337 0.35 0.366 0.383 0.402 0.424 0.45 0.482
2020 0.254 0.259 0.265 0.272 0.279 0.287 0.295 0.304 0.314 0.325 0.337 0.35 0.366 0.383 0.402 0.424 0.45
2030 0.249 0.254 0.259 0.265 0.272 0.279 0.287 0.295 0.304 0.314 0.325 0.337 0.35 0.366 0.383 0.402 0.424
2040 0.244 0.249 0.254 0.259 0.265 0.272 0.279 0.287 0.295 0.304 0.314 0.325 0.337 0.35 0.366 0.383 0.402
2050 0.239 0.244 0.249 0.254 0.259 0.265 0.272 0.279 0.287 0.295 0.304 0.314 0.325 0.337 0.35 0.366 0.383
2060 0.235 0.239 0.244 0.249 0.254 0.259 0.265 0.272 0.279 0.287 0.295 0.304 0.314 0.325 0.337 0.35 0.366
2070 0.231 0.235 0.239 0.244 0.249 0.254 0.259 0.265 0.272 0.279 0.287 0.295 0.304 0.314 0.325 0.337 0.35
2080 0.227 0.231 0.235 0.239 0.244 0.249 0.254 0.259 0.265 0.272 0.279 0.287 0.295 0.304 0.314 0.325 0.337
2090 0.224 0.227 0.231 0.235 0.239 0.244 0.249 0.254 0.259 0.265 0.272 0.279 0.287 0.295 0.304 0.314 0.325
2100 0.221 0.224 0.227 0.231 0.235 0.239 0.244 0.249 0.254 0.259 0.265 0.272 0.279 0.287 0.295 0.304 0.314
2110 0.217 0.221 0.224 0.227 0.231 0.235 0.239 0.244 0.249 0.254 0.259 0.265 0.272 0.279 0.287 0.295 0.304
2120 0.214 0.217 0.221 0.224 0.227 0.231 0.235 0.239 0.244 0.249 0.254 0.259 0.265 0.272 0.279 0.287 0.295
2130 0.211 0.214 0.217 0.221 0.224 0.227 0.231 0.235 0.239 0.244 0.249 0.254 0.259 0.265 0.272 0.279 0.287
2140 0.209 0.211 0.214 0.217 0.221 0.224 0.227 0.231 0.235 0.239 0.244 0.249 0.254 0.259 0.265 0.272 0.279
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Table 39.IRfunc (T_all, T_all_copy) [-] (2 half of the table)

16 July 2013.

1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120 2130 2140

o

P O O O O O O O O O o o o o o o o

0.747
0.644
0.573
0.522
0.482

0.45
0.424
0.402
0.383
0.366

0.35
0.337
0.325
0.314
0.304
0.295
0.287

o

P O O O O O O O O O O O O o o o o o

0.747
0.644
0.573
0.522
0.482

0.45
0.424
0.402
0.383
0.366

0.35
0.337
0.325
0.314
0.304
0.295

o

P O O O O O O O O O O O o o o o o o o

0.747
0.644
0.573
0.522
0.482

0.45
0.424
0.402
0.383
0.366

0.35
0.337
0.325
0.314
0.304

o

P O O O O O O O O O O O O O O O o o o o

0.747
0.644
0.573
0.522
0.482

0.45
0.424
0.402
0.383
0.366

0.35
0.337
0.325
0.314

o

P O O O O O O O O O O O 0O 0O o o o o o o o

0.747
0.644
0.573
0.522
0.482

0.45
0.424
0.402
0.383
0.366

0.35
0.337
0.325

o

P O O O O O O O O O O O O O O O O o o o o o

0.747
0.644
0.573
0.522
0.482

0.45
0.424
0.402
0.383
0.366

0.35
0.337

o

P O O O O O O O O O O O O 0O o o o o o o o o o

0.747
0.644
0.573
0.522
0.482

0.45
0.424
0.402
0.383
0.366

0.35

o

P O O O O O O O O O O O O O O O O O O o o o o o

0.747
0.644
0.573
0.522
0.482

0.45
0.424
0.402
0.383
0.366

o

P O O O O O O O O O O O O 0O O o o o o o o o o o o

0.747
0.644
0.573
0.522
0.482

0.45
0.424
0.402
0.383

o

P O O O O O O O O O O O O O O O O O O O O o o o o o

0.747
0.644
0.573
0.522
0.482

0.45
0.424
0.402

o
o
o
o
o
o
o

P O O O O O O O O O O O 0O 0O 0O OO0 OO0 o o o o o o o o
P O O O O O O O O O O O O O O O O O O O O O O o o o o o

0.747
0.644 0.747
0.573 0.644 0.747
0.522 0.573 0.644 0.747
0.482 0.522 0.573 0.644 0.747
0.45 0.482 0.522 0.573 0.644 0.747
0.424 0.45 0.482 0.522 0.573 0.644 0.747

P O O O O O O O O O O O O 0O O 0O 0O o o o o o o o o o o o o

P O O O O O O O O O O O O O O O O O O O O O O O o o o o o o

P O O O O O O O O O O O O 0O 0O 0O OO0 OO0 O oo o o o o o o o o o

P O O O O O O O O O O O O O O O O O O 0O O 0O O 0O O 0O O o o o o o
P O O O O O O O O O O O O O 0O 0O O 0O O oo O o oo o o o o o o o o o

P O O O O O O O O O O O O O O O O 0O O 0O O 0O O 0O 0O 0O O 0o o o o o o o o
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Appendix 2: Compact model description

Here the global energy systems model GET-RC &dgssribed in a compact version without

16 July 2013.

explanations. All sets, parameters and variabledisted in alphabetic order. The equations are her

written in a slightly different way starting withe objective function followed by the constraints,

however, using the same equation numbers. Variabi¢ten in red indicate main variables, i.e. ttra
variables are not calculated from any other degisgriables. All variables are of type continuous.

Sets

The sets (indices) are here presented in alphatreler. See Section 2 for contents of each set.

c_captl type
vehicle| trsp_mode
cg_e_ il e_in
cg_e outl e_out
CG_typel type

E

e inl E

e outl E

e_type

frgt_model trsp_mode
fossil | fuels

fuels| primary
hev_phev_bel e_type
hybrids| e_type

ic_fcl e_type

init_year| t

synfuel_ga$ trsp_fuel_nonel
non_phevl e_type
nontrade_se¢ e_out
nonfuelsl primary
primary | e_in
ptrs_model trsp_mode
R

R _expl R

R_impl R

road_fuell trsp_fuel
road_fuel_liquidl road_fuel
second_inl e_in

secl e_out

ship_model trsp_mode
T all

T_all_copyl T_all

thl T_all

tl T_all

t 2010 2140 t
trsp_fuell e_out
trsp_fuel_nonel trsp_fuel
trsp_mode

type

Energy conversions plants that can captutsca

The two transportation modes of passearagerand road-based freight
Energy sources that can be used for co-génemaitheat and electricity

Energy carriers that can be produced frompesweration
Plants that can be used for co-generatiateatricity and heat

All energy sources and carriers
Energy sources that can be converted into eregiers

Energy carriers that can come out from the c@igrmodule

Type of engine technology
All freight transportation modes

Fossil primary energy sources

Primary energy sources that can be traded
Hybrids, plugin-hybrids and battery electeticles
Hybrids and plugin-hybrids

Internal combustion engines and fuel cells
First time steps

Synthetic and gaseous fuel forsprant

All types of engine technologies except jpldtybrids
Secondary energy carriers that cannot bedrad
Primary energy sources that cannot be trade
Primary energy sources

All passenger transportation modes

Regions
Exporting regions
Importing regions

Energy carriers for road transportatiectsr
Synthetic fuels and petroleum-based fioglsoad transport
Energy carriers that can be converted a setorwrd
Secondary energy carriers

The two transportation modes of sea-biasieght

All time steps
Duplicate of “T_all* to be able to code ban cycle calculations

Historical time steps used for the carboadlegalculations
Time steps for the modeled time period

Time steps used when constraining nuclear

All energy carriers that can be used indesportation sector
Energy carriers for the transportatiott@eexcept electricity

The different transportation modes
Different types of energy conversion pant
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Scalars

The scalars are here presented in alphabetic aiedefine scalars as a parameter (given data)amigh
specific value only. As soon as the parameter dipen one or more sets they are presented under
Section Parameters. See Section 3 for more details.

bio_capt_effic =0.9 Carbon capture efficiency from bioenergy3C []
c_capt_heat_fr =0.3 Max fraction of heat sector using CCS []
c_stor_maxgr =100 Global annual growth limit on C storaggacity [MtC/decade]
c_bio_trspcost = 0.5 Additional transportation cost appliebtoenergy CCS [USD/GJ]
cap_g_lim =0.2 Maximum growth of capacity ineegy conversion plants [
cogen_fr_e =0.2 Max fraction of electricity demandrt@o-generation []
cogen_fr_h =0.2 Max fraction of heat demand that came from co-generation [-]
cost_strg_bio =0.073 Carbon storage cost from bioenergydkso 20 USD/t C¢) [GUSD/MtC]
cost_strg_fos =0.037 Carbon storage cost from fossils (ext@all 0 USD/t Cg) [GUSD/MtC]
en_conv_decr_lim =0.75 Minimum fraction of previous time stepn_conv, i.e.

limitation of an energy technology decrease [-]
eng_g_lim =0.2 Maximum growth of vehicles []
fos_capt_effic =0.9 Carbon capture efficiency from fossil CCS []
frac_bev_buses =0.5 Share of buses that can use BEV []
frac_bev_trucks =0.2 Share of trucks that can use BEV []
frac_phev_buses =0.5 Share of buses that can use PHEV [
frac_phev_trucks =0.2 Share of trucks that can use PHEV [
global_en_conv_dis =5 The final "tail" of a certain energy consien [EJ]
global_init_e =0.1 “kick-start” value when a new engine igaduced [Gvehicles]
global_init_i =0.05 “kick-start” value when a new infrastrugtus introduced [TW]
global_init_p =0.3 “kick-start” value when a new conversioarilis introduced [TW]
global_init_s =0.3  “kick-start” value when a new energue is introduced [EJ]
global_mx_decay_oil =10 The final "tail" of oil use in primary engrgalues [EJ]
global_max_exp =60  Global maximum expansion rate for energyses except

biomass [EJ/decade]
global_max_exp_p =2 Global maximum expansion rate for investmémtsonversion

plants [TW/decade]
global_max_exp_b =32 Global maximum expansion rate for biomassipction [EJ/decade]
global_max_exp i = Global maximum expansion rate for infrastroetumvestments [TW/decade]
global_mx_decay =6 Final "tail" of a certain transportation eme [EJ]
infra_g_lim =0.2 Maximum infrastructure growth [
interm_fr =0.3 Max fraction of intermittent electtic(wind + solar-elec) [
mx_decay_frac = 0.7 Minimum fraction of previous time g®transport solution  []
mx_decay_frac_oil =0.2 Minimum fraction of previous time stepi use []
Msec_per_year =31.6 Number of seconds per year expressedliiomsi [Ms]
pre_ind_ccont =280 Pre-industrial atmospheric £&ncentration [ppm]
r =0.05 Discountrate []
r_invest =0.05 Interest rate applied to investraent []
supply_g_lim =0.2 Maximum growth of energy supply 1 [-
t step =10  Number of year within each timepst [yr]
t _tech_plant =50 Inertia. How fast new conversion technolegigy totally change [yr]
t tech_eng =50 Inertia. How fast new engine technologies todgilly change [yr]
t tech_effic =30 Inertia. How fast energy efficiency may tbtalhange [yr]

72



Grahn et al. Descriptiortted global energy systems model GET-RC 6.1 16 July 2013.

Parameters

In this section, the parameters (given data) usé¢kdd model are presented with the sets the paeamet
depends on in parenthesis and in alphabetical .of@er Section 3 for more details. Data used as base
case in the model is presented in Appendix 1. Naeparameters calculated during model runs are
marked with an asterisk.

c_tax(R, t) Carbon tax [GUSD/MtC]
cost_eng*(road_fuel, e_type, vehicle, t) Time dependemiiale investment cost [GUSD/Gvehicle]
cost_eng_bas@oad_fuel, e_type, vehicle) Additional cost abgtendard "petro-vehicle” [GUSD/Gvehicle]

cost_eng_modf{road_fuel, e_type, vehicle, t) Vehicle investinesst adjusted if assuming
different investment interest rate and discourdgat [GUSD/Gvehicle]

cost_infra(synfuel_gas) Investment cost for infrastructure [GUSD/TW]
cost_infra_mod*synfuel_gas) Investment cost for infrastructa@isted if assuming different

investments and discount rates [GUSD/TW]
cost_inv*(e_in, e_out, type, t) Time is added toplant investment costs [GUSD/TW]
cost_inv_basée_in, type, e_out) Investments cost for eneyersion plants [GUSD/TW]
cost_inv_mod*e_in, e_out, type, t) Plant investment costistéjd if assuming different investment

interest rate and discount rates [GUSD/TW]
dec_elede_in) Electricity requirements when using< [-]
distancg(R_imp, R_exp) Table of rough distances betwegions [km]
effic* (e_in, type, e_out, t) Energy conversion @ficy in conversion plants [
effic_0(e_in, type, e_out) Ideal conversion efficiencguamed available in 2020-2050 [-]
effic_current*(e_in, type, e_out) Near term energy conversifiniefcy []
elec_dem_regR, t) Electricity demand [EJ]
elec_frac_pheyvehicle) Fraction of time that a PHEV operatebattery mode [-]
emis_facf(fuels) Carbon dioxide emission fastor [MtonC/EJ]
emis_fact_syn Emission factor from CTL/GTL [MtonC/EJ]
en_conv_dis{R, t) The final "tail" of a certain energy aamnsion [EJ]
flow_matrix (e_in, type, e_out) Table on allowed energy cosivas [
frgt (R, frgt_mode, t) Energy demand for freight sport [EJ]
fut_biota_sinkqT_all) Estimation of the contribution of natu@D, sinks  [MtC]
fut_luc_emis(T_all) Prognos for future emissions from land aBange  [MtC]
IRfunc (T_all, T_all_copy) Impulse Response function.detines annual contribution to

atmospheric carbon from each year's, @missions. [-]
heat dem_reR, t) Heat demand [EJ]
heat_effic(cg_e_in, cg_type, cg_e_out) Heat efficiency wbegeneration of electricity and heat [-]
high_speed_trai(R, t) Fraction of aviation substituted with higipeed trains [-]
hist_fos_emigt_h) Historical fossil emissions [MtC]
imp_cost(fuels) Cost for transportation of primary enesgyirces

when trading between regions, regardless distancBsUSD/EJ]
imp_cost2(sec) Cost for transportation of secondary eneggyiers

when trading between regions, regardless distancBsUSD/EJ]
init_cap(e_in, e_out, type, R) Capacity in energy conwergilants 1990 [TW]
init_eng* (R) “kick-start” value when a newngine is introduced  [Gvehicles]
init_infra* (R) “kick-start” value when a newrastructure is introduced [TW]
init_plant* (R) “kick-start” value when a newnsersion plant is introduced [TW]
init_supply* (R) “kick-start” value when a new enggspurce is introduced [EJ]
If (e_in, type, e_out, R) Load factor (capacity facfor energy conversion plants,

i.e., the share of maximum capacity used per year-] [
If_infra (synfuel_gas) Load factor infrastructure [-]
life_eng(trsp_fuel,e_type,vehicle) Life time on vehiclegeres [yr]
life_infra (synfuel_gas) Life time for infrastructure [yr]
life_plant(e_in, e_out, type) Life time on energy coni@rplants [yr]
mx_decay_abs _0ilfR, t) The final "tail" of oil use in primarynergy values [EJ]
max_exp*(R, t) Primary fuel supply growtmit [EJ/decade]
max_exp_bio*(R, 1) Bio energy growth limit [EJ/decdd
max_exp_pXe_in, e_out, type, R, t) Growth limit on enexpnversion plants [TW/decade]
max_inv_infra*(R, t) Infrastructure growth limit [TW/dedea]
mx_decay_abstR, t) The final "tail" of a certain trarmpation energy [EJ]
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num_veh(R, vehicle, t) Number of vehicles [Gvehicles]
OM_cost_fr(e_in, e_out) Operation & maintenance cost agifra of investment cost [-]
population(R, t) Population [Gpeople]
price (fuels, R) Basic fuel price without scarcitnter carbon tax  [GUSD/EJ]
ptrsp(R, ptrs_mode, t) Energy demand for passengasport [EJ]
supply_pof(primary, R, t) Annual maximum supply potentiabfrfossil sources)[EJ]
supply_pot_Qprimary,R) Total primary energy supply potenfalssil sources) [EJ]
trsp_conv_<trsp_fuel,e_type, trsp_mode) A factor that reldbesenergy efficiency to

conventional ICEV. Valid for aviation and rail. 11
trsp_conytrsp_fuel,e_type, trsp_mode, t) Time dependepi-tonv []
trsp_dem(R, trsp_mode, t) Energy demand for each tramiafion mode. [EJ]
imp_cost_lin(fuels) Additional cost, dependent on distanoe, f

transportation when trading primary energy sourcé&USD/EJ]
imp_cost_lin2(sec) Additional cost, dependent on distance, for

transportation when trading secondary energy aarfié USD/EJ]
vehicle_cos(vehicle) Basic cost for vehicles with gaseliC engine [GUSD/Gvehicle]

Calculation of the parameters that are defined dog the model run

The following calculations are made during the niode to generate values on the parameters listtdam
asterisk above. Calculations are listed in alptiehledrder following the parameter name. All caltidns are
however not activated in this model version. Indhiginal global GET model version growth limitatio
parameters in absolute numbers were given in TWeWRgionalizing these global values we have dismged
so the values now are expressed in EJ. Therefotteeake parameters below, starting with conv_di{R, t) and
ending withmx_decay_abgR, t) have been adjusted usidigec per yedi step For more information, see
Section 3.

cost_endroad_fuel, e_type, vehicle, t)cost_eng bas@oad_fuel, e_type, vehicle) + vehicle_cost (vi)ic

cost_eng_modroad_fuel, e_type, vehicle, t) =
cost_endroad_fuel, e_type, vehicle, t)(?_invest+ 1/ife_eng(road_fuel, e_type, vehicl)d)
(r+1/|ife_eng(road_fue|, e_type, vehicl)z)

cost_infra_mod (synfuel_gas) =
cost_infra(synfuel_gas) ’(r_invest+ 1fife_infra (synfuel_gas)/ (r + 1/ife_infra (synfuel_gas);

cost_inv(e_in, e_out, type, t) =ost_inv_basée_in, type, e_out);

cost_inv_mod(e_in, e_out, type, t) =
cost_inv(e_in, e_out, type, t) (r_invest+ 1/ife_plant(e_in, e_out, typé)(r+1/|ife_plant(e_in, e_out, typé)

effic (e_in, type, e_out, t) =
min (effic_O (e_in, type, e_outﬁeffic_o (e_in, type, e_out) effic_current(e_in, type, e_ou))
t tech_effic(e_in, type, e_outf(ord(t)—l)* t_ste;) + effic_current(e_in, type, e_ou))

effic_current (e_in, type, e_out) =ffic_0 (e_in, type, e_out) 8.1

en_conv_dis(R, t) =
((elec_dem_regR, t) +heat_dem_re(R, t) +S ptrs_mode(ptrsp(R, ptrs_mode, ))+
Sfrgt_mode(frgt (R, frgt_mode, t))/(Msec_per_yealt_step)* global_en_conv_djs

init_eng (R) =
((elec_dem_regR,"2000")+heat_dem_re(ﬁ,"ZOOO")+S ptrs_mode(ptrsp(R, ptrs_mode, "2000))-
Sf,gt_mode(frgt (R, frgt_mode, "2000')))/ (Msec_per_yealt_step)* global_init_e

init_infra (R) =
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((elec_dem_regR,"2000")+heat_dem_re(R,"ZOOO")+S ptrs_mode(ptrsp(R, ptrs_mode, "2000))L
Sfrgt_mode(frgt (R, frgt_mode, "2000')))/ (Msec_per_yealt_ste;))* global_init_§

init_plant (R) =
((elec_dem_regR,"2000")+heat_dem_re(R,"ZOOO")+S ptrs_mode(ptrsp(R, ptrs_mode, "2000"))+
Sfrgt_mode(frgt (R, frgt_mode, "2000')))/(Msec_per_year(_ste;))* global_init_p

init_supply (R) =
((elec_dem_regR,"2000")+heat_dem_recR,"ZOOO")+S ptrs_mode(ptrsp(R, ptrs_mode,"ZOOO))F
Sf,gt_mode(frgt (R, frgt_mode, "2000')))/(Msec_per_yeam_step))* global_init_s

mx_decay_abs 0i(R, t) =
((elec_dem_regR, t)+heat_dem re(Rr, t)+ S ptrs_mode(ptrsp(R, ptrs_mode, ))+
Sf,gt_mode(frgt (R, frgt_mode, t))/ (Msec_per_yealt_ste;))* global_mx_decay_aqil

max_exp(R, t) =
((elec_dem_regR, t)+heat_dem_re@R, t)+S ptrs_mode(ptrsp(R, ptrs_mode, t))+
Sfrgt_mode(frgt (R, frgt_mode, t))/(Msec_per_yee’ut_ste;))* global_max_exp

max_exp_bio(R, t) =
((elec_dem_reg?, t)+heat_dem_re(R, t)+ Sptrs_mode(ptrSQR, ptrs_mode, t))+
Sfrgt_mode(frgt (R, frgt_mode, t)) / (Msec_per_yealt_ste;))* global_max_exp_jb

max_exp_p(e_in, e_out, type, R, t) =
((elec_dem_regR, t)+heat_dem re(R, t) +S ptrs_mode(ptrsp(R, ptrs_mode, ))+
Sf,gt_mode(frgt (R, frgt_mode, t)) / (Msec_per_yeant_ste;))* global_max_exp_jp

max_inv_infra (R, t) =
((elec_dem_regR, t)+heat_dem re(Rr, t)+ S ptrs_mode(ptrsp(R, ptrs_mode, ))+
Sf,gt_mode(frgt (R, frgt_mode, t)) / (frgt (R, frgt_mode, t)) / (Msec_per_yeam_ste;))* global_max_exp;i

mx_decay_abgqR, t) =
((elec_dem_regR, t)+heat_dem_re@R, t)+S ptrs_mode(ptrsp(R, ptrs_mode, ))+
S trgt_mode (frot (R, frgt_mode, t))) /Nisec_per_yedi_step)* global_mx_decay

supply_pof(primary, R, t) =supply_pot_Qprimary, REGIONS); [EJ]

Variables

The variables are presented in alphabetical o&k#.Section 4 for more details. Variables written i
red indicate main variables, i.e. the variablesmatecalculated from any other decision variabidk.
variables are of type continuous.

agg_emis Total emissions [MtC]
annual_cos(R, t) Sum of all annual costs in the model [GUSD]
atm_cconi(T _all) Atmospheric C@concentration from the carbon cycle module [ppm]
c_emission_globa(t) Annual global emissions [MtC]
c_emission(R, t) Annual emissions per region [MtC]
c_capt foqR, 1) Annual amount of carbon captured from folesdls [MtC]
c_capt_biqR, t) Annual amount of carbon captured from biema [MtC]
c_capt toi(R, t) Annual amount of carbon captured from fofesdls and biomass [MtC]
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c_capt_agg Total amount of captured carbon for all regiond ime steps [MtC]
cap_inves(R, e_in, e_out, type, t) New investments in epea@nversion technologies [TW]
capacity(R, e_in, e_out, type, t) Aggregated capacitylstatergy conversion techn [TW]
carb_ctri(T_all, T_all_copy) Carbon contribution generatgdie carbon cycle module [MtC]
cg_heaiR, t) The amount of heat produced usingeoeration technologies  [EJ/yr]
cost _c_hio trsgR, t) Additional transportation cost if applyi@CS on bioenergy [GUSD]
cost_c_strqR, t) Cost for storing carbon [GUSD]
cost_cafR, t) Cost for investing in energy conversieahnologies [GUSD]
cost_fuel(R, t) Cost for extracting primary energy sources [GUSD]
en_conV(R, e_in, e_out, type, t) The amount of energyveoted from e_in to e_out

expressed in primary energy terms. [Edlyr]
energy deli(R, e_out, t) The amount of energy that meetsldmaand after import/export

of H2, CTL/GTL and BTL. [EJdlyr]
energy prodR, e_out, t) The amount of energy carriers conaiagof the conversion module

in secondary energy (demand) terms, i.e. afterggriesses. [EJdlyr]
elec_decarlfR, t) Additional electricity demand if the moddiose to use CCS [EJlyr]
elec_trsp(R, t) Electricity for the transpditan sector [EJdlyr]
eng_inves(R, trsp_fuel, e_type, vehicle, t) New inveshtsan engines/vehicles [Gvehicles]
engineqR, trsp_fuel, e_type, vehicle, t) Aggreeghcapacity stock engines/vehicles [Gvenhicles]
extra_ship_fue(R, trsp_fuel, ic_fc, ship_mode, t) Additional gtiuel since ships cannot run on elec [EJ/yr]
exp_prim(R, fuels, t) The amount of primary &gyesources exported from a region [EJdlyr]
exp_sedR, sec, t) The amount of secondary energy soungesrted from a region  [EJ/yr]
heat decarlfR, t) Additional heat demand if the model chasete CCS [EJdlyr]
imp_prim(R, fuels, t) The amount of primary energy souiiogorted to a region [Edlyr]
imp_prim_from(R_imp, R_exp, fuels, t) Present primary energgihg flows [Edlyr]
imp_sec(R, sec, t) The amount of secondary energy soumgasrted to a region [Edlyr]
imp_sec_from(R_imp, R_exp, sec, t) Present secondary eneading flows [EJlyr]
infra (R, synfuel_gas, t) Aggregated capacity infrastrec [TW]
infra_invest(R, trsp_fuel, t) New investments in infrastruetu [TW]
OM_cost(R, t) Operation and maintenance cost [GUSD]
supply_1(R, primary, t) The amount of primary energy estea in each region [Edlyr]
supply_2(R, second_in, t) The amount of energy that dgpaek into the energy conversion

box to be converted a second time (H2 och ELEC). [EJdlyr]
supply_tot(R, primary, t) The amount of primary energy used region after import/export [EJ/yr]
tax (R, t) Cost if applying carbon taxes to the model [GUSD]
tot_cost Total cost for the entire energy system [GUSD]
tot. CSP(t) The total amount of energynfraoncentrating solar power (CSP) [EJ/yr]
tot_trspcost_prinR, t) Cost for trading primary energy sources UED]
tot_trspcost_se(R, t) Cost for trading secondary energy sasirce [GUSD]
trsp_energyR, trsp_fuel, e_type, trsp_mode, t) Secondagygnfor the transportation sector [Edlyr]

Equations and functions

Note that the equations are not presented in time sader in this Appendix as in the main report. Al
equations do, however, have the same numbers.

Objective function
Minimize S, (t_step* (cost_fuel(R, t) 4cost_cag(R, t) +OM_cost(R, t) +cost_c_strdR, t) +
cost_c_bio_trsfR, t) #ot_trspcost_prinfR, t) +tot_trspcost_se(R, t) +tax (R, t)) /

)

(59, 60, 61)
Cost calculations
Extraction cost on primary energy sources
cost_fuel(R, 1) = Syes (supply_1(R, fuels, t) *price (fuels, R) (51)
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Investment cost and O&M cost

cost cagR, t) =

Seine o type(cap_inves(R, e _in, e_out, type, t)y¢ost_inv_mode_in, e_out, type,))+
S road_fuel, e_type, \,ehide(eng_inves(R, road_fuel, e_type, vehicle, t) *
cost_eng_modroad_fuel, e_type, vehicle)t}

S Synfue|_gas(infra_invest(R, synfuel_gas, t) cost_infra_moc(synfuel_gag) (52)

OM_cost(R, t) =
Seine o type(OM_cost_fr(e_in, e_out) ftost_inv_mode_in, e_out, type, t) *
en_con\R, e_in, e_out, type, t)éffic (e_in, type, e_out, t)Msec_per_yeaé[D.?) (53)

Costs for carbon storage and G@ax

cost _c_strdR, t) =c_capt fo{R, t) *cost_strg_fosc_capt_biqR, t) *
cost_strg_bio (54)

cost_c_hio_trsgR, t) = Se ou, c_capt(€N_CONUR, "bi0", €_out, c_capt, )*
c_bio_trspcost (55)

tax(R,t) =c_emission(R, t)*c_tax(R, t) (56)

Import costs

tot_trspcost_prinfR, t) =
S tuets, r_exp (iMp_prim_from(R_imp, R_exp, fuels, t) fimp_cost(fuels) +
distance(R_imp, R_exp) mp_cost_lin(fuels))) (57)

tot_trspcost_se(R, t) =
S R_exp (imp_sec_fron(R_imp, R_exp, sec, t) *
(imp_cost2(sec) +distancg(R_imp, R_exp) mp_cost_lin2(sec)) (58)

Energy balances

Primary energy supply including import and export primary energy sources

supply_pot(primary, R, t) supply_1(R, primary, t) D)
S (t_stepsupply_1(R, fossil,t)  supply_pot_Qfossil, R) 2)
supply_tot(R, fuels, t) =supply_1(R, fuels, t) +mp_prim(R, fuels, t) —

exp_prim(R, fuels, t) 3)
supply_tot(R, nonfuels, t) =supply_1(R, nonfuels, t) (4)
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Energy conversion including import and export of ergy carriers
supply_tot(R, primary, t) =S ype. e ot (EN_conu(R, primary, e_out, type,}) (5)

tot_CSP(t) =Sk (supply_1(R, "solar_csp", I (6)

energy_prodqR, nontrade_sec, t) =
Stype, e in (en_conv(R, e_in, nontrade_sec, type, tffic (e_in, type, nontrade_sec) t§7)

energy prodR, sec, t) =

Stype, ein (en_conv(R, e_in, sec, type, t)éffic (e_in, type, sec,))k
imp_sed(R, sec, t) exp_sedR, sec, t) (8)

Energy carriers that can be converted to other egyercarriers

supply_2(R, second_in, t) S ype e our (EN_conu(R, second_in, e_out, type) t) (9)
supply_2(R, "H2",t)  energy prodR, "H2", t) —energy deli(R, "H2", 1) (20)

supply_2(R,"elec",t)  energy_ prodR,"elec", t) —energy_deli(R,"elec", t) (11

Import and export balances

imp_prim(R_imp, fuels, t) =Sk ey, (imp_prim_from(R_imp, R_exp, fuels, }) (30)
exp_prim(R_exp, fuels, t) =Sg imp (imp_prim_from(R_imp, R_exp, fuels, }) (31)
imp_sec(R_imp, sec, t) =Sk e (imp_sec_from(R_imp, R_exp, sec,)) (32)

exp_sedR_exp, sec, t) =Sg imp (imp_sec_fron(R_imp, R_exp, sec,)t) (33)

Balancing cogeneration and energy carriers intermate step

cg hea(R, t) =

S g e in, cq_type, Cg_e_(,(en_conv(R, cg_e_in, cg_e_out, cg_type, t) *

heat_effic(cg_e_in, cg_type, cg_e_o)Jt) (12)
energy_deli(R, “heat”, t)  energy prodR, “heat”, t) +cg_heaiR, t) (13)

Balancing heat and electricity demand
energy_deli(R,"heat", t) heat_dem_re(R, t) +heat_decarifR, t) (14)

energy_deli(R,"elec", t) elec_dem_re(R, t) +elec_decarlfR, t) +elec_trspR, t) (15)
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Balancing demand on fuels for transport

S trsp_mode, e_typ(trsp_energXR, trsp_fuel_nonel, e_type, trsp_modé, B
energy_deli(R, trsp_fuel_nonel, t) (16)

elec_trsp(R, 1) = S ysp_mode, e ypdrSp_energyR,"elec”, e_type, trsp_mode) t) (17)

trsp_dem(R, trsp_mode, t) =
Strsp_fue., e_typf(trsp_energ;(R, trsp_fuel, e_type, trsp_mode, t) *
trsp_conutrsp_fuel, e_type, trsp_mode) t) (18)

Transport balances and options

Fuel fraction for PHEVs

S ,oad_fue|_|iquid(trsp_energ)(R, road_fuel_liquid, "phev", vehicle, t) *

trsp_conv(road_fuel_liquid, "phev", vehicle )ty (1 —elec_frac_phefvehicle) =
trsp_energyR, "elec”, "phev", vehicle, t)trsp_con\("elec", "phev", vehicle, t) /
(elec_frac_pheyvehicle) (19)

Balance fuels to the number of cars and trucks

trsp_energyR, road_fuel, non_phev, vehicle, t)
engineqR, road_fuel, non_phev, vehicle, um_veh(R, vehicle, t) *

trsp_dem(R, vehicle, t) ,(trsp_conv(road_fuel, non_phev, vehicle, tX)i{)O]) (20)

trsp_energyR, road_fuel_liquid, "phev", vehicle, t)
engineqR, road_fuel_liquid, "phev", vehicle, thim_veh(R, vehicle, t) *

(l - eIec_frac_pheWehicle)) * trsp_dem(R, vehicle, t) /
(trsp_conV(road_fuel_liquid, "phev", vehicle, t) 8.001) (21)

Balance fuels to buses and ships

trsp_energyR, trsp_fuel, e_type,"p_bus", t) =
trsp_energyR, trsp_fuel, e_type, "f_road", t)trsp_dem(R,"p_bus", t) /
trsp_dem(R,"f_road", t) (22)

trsp_energyR, trsp_fuel, ic_fc, ship_mode, t) =
(trsp_energ;(R, trsp_fuel, ic_fc, "f_road", t) &#xtra_ship_fue(R, trsp_fuel, ic_fc, ship_mode)t)
trsp_dem(R, ship_mode, t)tfsp_dem(R,"f_road", t) (23)

S wsp_tuel ic_te (xtra_ship_fue(R, trsp_fuel, ic_fc, ship_mode)tF
S rsp_uel, hev_phev_ bek(rSP_energy(R, trsp_fuel, hev_phev_bev, "f_road’) t) (24)
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Limitations on heavy electric vehicles

Smad_fue|_|iquid(trsp_energ;(R, road_fuel_liquid, hybrids, "f_road", t) *

trsp_conv(road_fuel_liquid, hybrids, "f_road", t1 —elec_frac_pheff_road"))
frac_phev_trucks trsp_dem(R,"f_road", t) (25)

trsp_energyR, "elec”, "BEV", "f_road", t) *trsp_con\("elec", "BEV", "f_road", 1)
frac_bev_truckg trsp_dem(R,"f_road", t) (26)

Smad_fue|_”quid (trsp_energ;(R, road_fuel_liquid, hybrids, "p_bus", t) *

trsp_conv(road_fuel_liquid, hybrids, "p_bus", t(1 —elec_frac_phef/f_road")))
frac_phev_busestrsp_dem(R,"p_bus", t) (27)

trsp_energy(R, "elec”, "BEV", "p_bus", t)trsp_cony"elec", "BEV", "p_bus", 1)
frac_bev_busestrsp_dem(R,"p_bus", t) (28)

Investments and depreciation
Investments in conversion plants, vehicles and astructure

capacity(R, e_in, e_out, type, init_year) =
init_cap(e_in, e_out, type, R) & step* cap_inves(R, e_in, e_out, type, init_year) (34)

capacity(R, e_in, e_out, type, t+1) =
t_step* cap_inves(R, e_in, e_out, type, t+1)capacity(R, e_in, e_out, type, t)*

exp (t_steplog (1 - life_plant(e_in, e_out, typg) (35)

engineqR, trsp_fuel, e_type, vehicle, t+1) =
t_step* eng_inves(R, trsp_fuel, e_type, vehicle, t+1)erigineqR, trsp_fuel, e_type, vehicle, t) *

exp (t_step* log (1 — Ulife_engtrsp_fuel, e_type, vehicl}) (36)

infra (R, synfuel_gas, t+1) =
t_step* infra_invest(R, synfuel_gas, t+1) #fra (R, synfuel_gas, t) *

exp(t_step* log (1 — 1/life_infra (synfuel_gag) (37)

Use limited by capacity

en_conR, e_in, e_out, type, t)é&ffic (e_in, type, e_out, t)
capacity(R, e_in, e_out, type, t)If (e_in, type, e_out, R) Msec _per_year (38)

energy_deli(R, synfuel_gas, t)
infra (R, synfuel_gas, t)¥ infra (synfuel_gas) Msec_per_year (39)
Carbon capture and storage (CCS) and limitations

c_capt_foqR, t)
S fossi e ot C_Cap(en_conv(R, fossil, e_out, ¢c_capt, t)emis_fact(fossil) *fos_capt_effib(42)
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c_capt biqR,t) =
Se o c_capr(€N_CONVYR, "bi0", e_out, c_capt, t) &émis_faci("bio") * bio_capt_effi) (43)

c_capt to(R,t) =c_capt biqR,t) +c_capt foqR, t) (44)
c_capt_agg= Sg,: (c_capt_to(R, t) *t_step) (45)
Sk (c_capt to(R, t+1) Sk (c_capt_to(R, t)) + c_stor_maxgt t_step (46)

S fes, c_capt (EN_CONUR, fuels, "heat", c_capt,}) c_capt_heat_ft heat_dem_reR, t) (47)

elec_decarlfR, t) = Syes (en_conuR, fuels, "heat", "CCS", t) lec_eleqfuels)  (48)

Allowed energy conversion paths
Sk (en_conv(R, e_in, e_out, type,)tjflow_matrix (e_in, type, e_out) §; (29)

Emission calculations

c_emission(R, t) = Syessi (emis_fact(fossil) *supply_tot(R, fossil, t) -
c_capt to(R, t) —exp_sedR,"CTL/GTL", t) * emis_fact_syrn

imp_sec(R,"CTL/GTL", t) * emis_fact_syn (40a)

c_emission_global (R, t) Sk (R, c_emission (R, }) (40b)
Sk (c_emission(R, t_h)) = hist_fos_emigt_h); (40c)
agg_emis= Sg (t_step* c_emissior(R, 1)) (41)

Carbon cycle model

carb_ctrb(T_all, T_all_copyF (fut_luc_emis(T_aII_copy) —fut_biota_sinkqT_all_copy) +
Sk c_emissior(R, T_aII_copy) * |IRfunc (T_all, T_all_copy) (49)

atm_ccon{(T_all) =pre_ind_ccont#
(S a copy CArb_ctri(T_all, T_all_copy)) *0.28/600*10 (50)
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Restrictions, limitations and adjustments
Chose CCS/CSP scenarios (activate when wanted)
tot_CSFRup (t) =0;

c_capt_towup (R, t) =0;

Limitations on co-generation and intermittent eneyg

Scgein cg_type(en_conv(R, cg_e_in, "elec", cg_type, t) *
effic (cg_e_in, cg_type, "elec",)t) cogen_fr_ef elec_dem_re(R, t);

S cg_e_in, cg_type, Cg_e_ou(en_conv(R, cg_e_in, cg_e_out, cg_type, t) *
heat_effic(cg_e_in, cg_type, cg_e_o)Jt) cogen_fr_I* heat_dem_reR, t);

en_convR,"solar", "elec", "0", t) +en_conR,"wind", "elec", "0", t)
interm_fr* energy_deli\ R, "elec", t);

Initialization of capacity

infra.fx (R, synfuel_gas, init_year) 6

enginedx (R, trsp_fuel, e_type, vehicle, init_yearp=

enginedx (R,"petro", "0", "p_car", init_year) =
num_veh(R,"p_car", init_year) +0.01;

enginedx (R,"petro", "0", "f_road", init_year) =
num_veh(R,"f_road", init_year) +0.01;
Limitations on technology growth and depreciation

capacity(R, e_in, e_out, type, t+1)

capacity(R, e_in, e_out, type, t) * ep_steplog (1+cap_g_lin)) +init_plant(R);

capacity(R, e_in, e_out, type, t+1) capacity(R, e_in, e_out, type, t) +
max_exp_g(e_in, e_out, type, R, tIf (e_in, type, e_out, R) 8.0001);

infra (R, synfuel_gas, t+1)
infra (R, synfuel_gas, t) * exp (steff log (1+infra_g_lim)+ init_infra (R);

infra (R, synfuel_gas, t+1) infra (R,synfuel_gas, t) +
max_inv_infra(R, t)/If_infra (synfuel_gas);

engineqR, trsp_fuel, e_type, vehicle, t+1)

16 July 2013.

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

engineqR, trsp_fuel, e_type, vehicle, t)* exp $tep* log (1+eng_g_lim)+ init_eng(R); (75)

supply_1(R, fuels, t+1)
supply_1(R, fuels, t) * expt(_step* log (1+ supply_g_lim) +
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init_supply(R) * Msec_per_year (76)
supply_1(R, fossil, t+1)  supply_1(R, fossil, t) +max_exp(R, t); (77)
supply_1(R,"bio", t+1)  supply_1(R,"bio", t) +max_exp_bidR, t); (78)

S ype, e ou€N_cOnV(R,"wind", e_out, type, t+})
3* Sype, e ou€N_cony(R,"wind", e_out, type, )) (79)

en_conv\R, "ail", "petro”, "0", t+1)
en_convR, "oil", "petro", "0", t) *mx_decay_frac_o#H-mx_decay abs ofR, t); (80)

S ype (irsp_energyR, trsp_fuel, e_type, trsp_mode, t}-1)

S ype (irsp_energyR, trsp_fuel, e_type, trsp_mode) 1)
mx_decay_frae-mx_decay_abfR, t); (81)

en_con\R, e_in, e_out, type, t+1)
en_conv_decr_lint en_conUR, e_in, e_out, type, t)en_conv_di{R, t); (82)

Technology limitations, restrictions and adjustment

trsp_energyx (R,"elec”, "0", "p_air", t) =
high_speed_trai(R, t)* trsp_dem(R,"p_air", t) /trsp_con\"elec", "0", "p_air", t); (83)

c_capt_agmp =60000Q (84)
c_capt_toup (R, t_1990_2010) &; (85)
energy_delivfx (R,"air_fuel", t 1990 2010 §; (86)
en_conwp (R, "h2", "air_fuel", type, t) &; (87)
trsp_energyp (R, trsp_fuel, "fc", trsp_mode, t 1990 2020);= (88)
enginedx(R, trsp_fuel, hybrids, vehicle, t 1990 2010);= (89)

supply_toifx (R, "nuclear”, t_2010_2140) =

R NAM EUR PAO FSU AFR PAS LAM MEA CPA SAS
EJ 953 11 403 274 0.14 0.25 0.23 0 0.47 0.38

(90)
en_conwp (R,"solar", "heat", "0", t) =
R NAM EUR PAO FSU AFR PAS LAM MEA CPA SAS
EJ 0.32 052 0.13 0.28 0.49 0.31 056 1.42 049 1.29

(91)

en_convo ("SAS","bio","heat","0", t) =

t 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120
EJ 15 15 15 15 15 15 15 12 10 8 6 4 2

(92)
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en_convo ("CPA","bio","heat","0", t) =

16 July 2013.

t 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120

EJ 15 15 15 15 15 15 15 12 10 8 6 4

2

(93)
supply_tot(R, "oil", "2010")  0.9* supply_toi(R, "oil", "2000"); (94)
supply tot(R, "NG", "2010")  0.9* supply_tot(R, "NG", "2000"); (95)
S ype, e ou€N_conUR,"wind", e_out, type, "2010))
2* S ype, e ou€N_cONYR,"wind", e_out, type, "2000)) (96)
The increase on hydro power between year 2000 @bd @ay not exceed 50%
S ype, e ou€N_conVR,"hydro", e_out, type, "2010))
1.5* S ype. e o €N_cony(R,"hydro", e_out, type, "2000)?) (97)

max_exp_biq"LAM", t) = 4* ((elec_dem_re’LAM", t) + heat_dem_re’LAM", t) +
S ptrs_mode(ptrsp(ul—AM"a ptrs_mode, t)) + Sfrgt_mode(frgt ("LAM", frgt_mode, t))) /
(Msec_per_yeant_step) * global_max_exp_b (98)

max_exp_bia"AFR", t) = 2* ((elec_dem_re@'AFR", t) + heat_dem_re('AFR", t) +

S i moae(Ptrsp("AFR", ptrs_mode, )+ S gt mose(frot ("AFR", frgt_mode, t)) /
(Msec_per_yee’ut_step) * global_max_exp_jb (99)
Correcting results for 1990 and 2000

c_emissiorfx (R, t) =

t\R NAM EUR PAO FSU

1990 1596 1256464 999
2000 1931 1247603 690
2010 1875 1271508 854

(100)
supply_totlo (R, e_in, “1990") =
e_in\R NAM EUR PAO FSU AFR PAS LAM MEA CPA SAS
coal 20 20 55 12 31 28 0.7 013 229 41
oil 38 28 14 17 38 34 66 6.1 48 51
NG 21 12 25 23 13 1 23 32 066 14
nuclear 75 88 28 23 0.09 017 01 0 0 0.26
hydro 21 17 04 08 02 022 13 0.05 046 0.32
bio 32 22 04 08 81 51 32 004 84 76
(101)
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agg_emiwup = 360000;

atm_cconiup ("2100") = 450;

85

16 July 2013.
supply_totlo (R, e_in, “2000") =
e in\R NAM EUR PAO FSU AFR PAS LAM MEA CPA SAS
coal 24 148 7.5 7 375 417 09 0.33 276 6.26
oil 45 30 17 8 455 574 91 0946 9.65 8.6
NG 27 173 45 20 216 212 36 6.74 118 3.17
nuclear 9.5 10.5 4 24 014 0.25 0.13 0 0.18 0.38
hydro 23 21 05 08 026 024 199 0.05 0.8 0.36
bio 39 31 07 05 1037 588 3.26 0.04 898 8.82
(102)
imp_primlo (R,"oil", t) =
t\R NAM EUR PAO
2000 13 18 95
2010 17 24 10
2020 17
(103)
exp_primlo (R,"oil", t) =
t\R MEA
2000 445
2010 49
(104)
exp_primup (R,"oil", t) =
t\R NAM EUR PAO
2000 0 0 0
2010 0 0 0
(105)
Carbon emission scenarios
c_tax(R, t) =0; (106)
c_emission_globalp (t) =
t 2010 2020 2030 2040 2050 2060 2070 2080 2090 2@WI0 2120 2130-
2140
400 8936 8063 6463 4804 3525 2705 2240 1994 18726 18824 1822 1820
450 8780 8297 7443 6467 5556 4770 4121 3596 31849 28658 2502 2371
500 9072 9292 9092 8551 7812 6992 6195 5469 483B8 438886 3541 3250
550 9364 10287 10741 10635 10086 9214 8269 73422 64746 5114 4580 4129
(207)

(not activated)

(not activated)
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Appendix 3: Calculation of IRfunc

Calculating the values for parameter IRfunc

To facilitate the transformation of GET-RC 6.1 fr@&AMS into IBM ILOG OPL Development Studio, we have
exchanged the calculation of parameéifunc into presenting the data of IRfunc in a table. iRterested readers,
we present the initial calculations made in GAM8e parameteiRfunc determines the annual contribution to
atmospheric carbon from each year’s @missions.

The impulse response function used in the climaidute in GET follows a five box diffusion model. & boxes
are inIRfunc separated by the set “coeff”. The exponential(fitendtag) to the different boxes are taken from the
first row in Table 1 of Maier-Reimer and Hasselm&b®g7).

To calculate the data for the paramékfuncin GAMS we need to define additional sets and ipatars.

Sets
coeff (0,1, 2, 3, 4) Steps used in the carboteaymdel to calculate IRfunc. [-]
Parameters
A (coeff) Amplitude in IRfunc. Relative capacity ather reservoirs.

Exponential fits to the computed impulse respdusetion. [-]
tao (coeff) Exponential fits to the computed impulssponse function. [yr]

The following is the expression for how the datshi@ impulse response functidRfunc, is calculated

IRfunc (T_all, T_all_copy) =

S coert ((SIGN (ord (T_all) — ord (T_all_copy) /2) + 1)/2)* A (coeff)*

exp (-10*((SIGN (ord (T_all) — ord (T_all_copy) 4/2) +1)/2)*

(ord (T_all) —ord (T_aII_cop)))/ tao (coeff))) []

SIGN is a GAMS function here used to make suredtrabspheric C@Qcontribution only applies to time steps
after the year of a certain G@&mission. SIGN(x) returns 1 if x > 0 as well ag & 0 but returns 0 if x = 0.

When T_all equals T_all_copy, the code “SIGN (orddll) — ord (T_all_copy) + 1/2)" generates 0+%/P.5 and
since 0.5>0 the SIGN function will generate theules, which in turn will generate (1+1)/2 =1 whiatlowing
IRfunc directly after the SIGN function. Further erhT_all equals T_all_copy the expression exp(X)he
exp(0)=1. This leads to that when T_all equals IT capy the impulse response function will be thesf all A-
values, since

IRfUuNC=SUM,oeft (1*Acoerf€XP(-10*1*0/taQoer)) = SUMegert (Acoerr) = 0.131+0.201+0.321+0.249+0.098 = 1

When T_all < T_all_copy for example when T_all=1&0@ T_all_copy=1810, i.e. when ord(T_all)=1 and
ord(T_all_copy)=2, the code “SIGN (ord (T_all) -dq_all_copy) + 1/2)” generate 1-2+1/2 = -0.5 aintte
SIGN(x) < 0 the SIGN function will generate theuttd. The IRfunction will then become:
IRfunC:SUMoeff ((1+1)/2*Acoeff*exp('10*1*('1)/taQ:oeff)) = SUMcoeff (Acoeff *eXp(lo/taQoeff))-

When T _all > T_all_copy for example when T_all=0&ind T_all_copy=1800 (i.e. when ord(T_all)=2 and
ord(T_all_copy)=1 the code “SIGN (ord (T_all) — diid all_copy) + 1/2)” generate 2-1+1/2 = 1.5 aints
SIGN(x) > 0 the SIGN function will generate theutd. The IRfunction will then become:

IRfunC:SUMoeff ((1+1)/2*Acoeff*exp('10*1*1/taQoeff)) = SU Mcoeff (Acoeff *eXp('loltaQoeﬁ))-

Remember that exp(-x) will be close to zero and@ldhe higher the x leading to that the resulbagbwvill be zero
when T_all > T_all_copy. Since the impulse respduosetion is a parameter whose values are calaliatéhe
model run, IRfunc (T_all, T_all_copy) can of couisstead be included as a table. We have therefaysen to use
a parameter IRfunc with data presented in Appetdix

Data for the parametetso andA

0 1 2 3 4
tao (coeff) 10000 363 73.6 17.3 1.9
A (coeff) 0.131 0.201 0.321 0.249 0.098
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Note that this mathematical description is identioahe version presented in the supporting infation to the
scientific paper published in the special issuglecarbonised economy in the Journal Sustainalfditghn et al.,
2013). The equation numbers are therefore notiickdrdompared to elsewhere in this report.

1. Mathematical Formulation of Model

This model is formulated as a Linear Program (LP). The objective is to minimize the cost to
society based on the available supply and required demand to meet global sustainability targets.
Mathematically describing the relationships between energy sources and conversion of these sources
to meet the demands from the various sectors involves the introduction of numerous inputs and
constraints, as presented below.

1.1. Input

In this section, we introduce the sets and input parameters such as the type of energy supply,
the type of energy conversion plants, and the demand from different transportation modes. The
parameters capture costs associated with different investments and storage, estimation of future
emissions, the amount of energy produced by different sources in different regions, etc.

1.1.1. Sets First we describe the Energy sets of all energy options for both primary energy
sources and secondary energy carriers.

E = all energy sources and carriers.

EICE = all energy sources that be converted (both primary and secondary).
E°Y c ET = energy sources that can be used for co-generation of heat and electricity.
E'P c B! = primary energy sources.

ETFT c BIP = primary energy sources that can be traded between regions.
E'™F c B'P = primary energy sources that are fossil fuels.

E°CFE = all energy carriers (i.e. converted from primary energy sources).
E°T C EY = energy carriers that can be traded between regions.

E9YY C E° = energy carriers that can be produced from co-generation.

E°M C E° = energy carriers that can be used in the transportation sector.

E9 c E9M = synthetic and gaseous fuels used in the transportation sector.

E9F c EOM = energy carriers for the road transportation sector.

EORL ¢ O’ = gynthetic fuels and petroleum-based fuels for road transport.
Next, we describe the Transportation Mode sets:

M = all transportation modes
MPcM = passenger transportation modes
MYcM = passenger cars and road-based freight
MEcM = heavy road-based transportation modes
MFcM = all freight transportation modes
MBcM = sea-based freight transportation modes
The Energy Conversion Plant sets are as follows:
F = energy conversion plant types.
F¢°CF = energy conversion plant types that can capture carbon.
FeC€ P = energy conversion plant types that can be used for co-generation of electricity
and heat.
The sets for Engine Technologies are below:
P = all powertrain technology types.
P = all hybrids and plug-in hybrids.
PE = all internal combustion engines and fuel cells.
The following are the sets for Regions and Time periods:
R = all regions.
Tt = all time periods.
T = all time periods excluding the historical time periods.
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1.1.2. Parameters The parameters and their units are described below.
ag .. = Life time of energy conversion plants of type f € F' that convert energy in

o e; € ET to energy out e, € E°. [y1]

ol = Life time of infrastructure for e, € E°. [yr]
ag .. = Life time of vehicle powertrains of type p € P using transportation mode

m € MY and transportation fuel e, € E9M. [y1]
b, ., s = Capacity in energy conversion plants of type f € F' in region r € R that

convert energy from e; € E! to e, € E°, in the model’s initial year. [TW]
55? = Small “kick-start” value when a new primary energy source is introduced

in region r € R. Freverd]
be = Small “kick-start” value when a new energy conversion technology is intro-

duced in region r € R. [ ]
bi = Small “kick-start” value when new infrastructure is introduced in region

reR. [l
5,‘? = Small “kick-start” value when a new powertrain technology is introduced in

[ Gvehicles ]

decade

region r € R.

B¢ ..+ = Capacity factor (the share of maximum capacity that is used per year) for
energy conversion plants of type f € F converting e; € Ef to e, € E© in
every time period t € T'. ]

B = Capacity factor for infrastructure for fuels e, € F9. ]

Veop.mt = A time ¢t € T' dependent relative powertrain efficiency factor that relates the
powertrain p € P efficiency to conventional ICEV for transportation modes
m € M and fuel e, € EOM. -]

¢’ . = Extraction cost for primary energy sources e; € E'"" in regions re R.  [<552]

Ce, eo.p0 = Investment cost, adjusted if assuming different investment and discount
rates, for energy conversion plants of type f € F that convert e; € B! to
e, € EC in time period t € T'. [SE52]

¢t = Investment cost, adjusted if assuming different investment and discount rates,

J Sad : J g Tor oS GUSD
for infrastructure distributing energy e, € E“°. Svired

¢+ = Investment cost, adjusted if assuming different investment and discount rates,

for vehicles in transportation mode m € M"Y with powertrain p € P using

energy e, € E°F in time period ¢t € T Eval
! = Cost for transportation of primary energy sources e, € E'FT when trading

between regions. (S22
(S = Cost for transportation of energy carriers e, € E°T when trading between

regions. (S22
c{ff = Additional, distance depending, cost for transportation of primary energy

sources ¢; € E'PT when trading between regions. [S25R]
(‘Z = Additional, distance depending, cost for transportation of energy carriers

e, € E°T when trading between regions. [
cf = Cost for carbon storage from fossil CCS. [G%ﬁD]
c® = Cost for carbon storage from bioenergy CCS. [%t%%]
c® = Additional transportation cost applied to bioenergy CCS. [S25B]
B = Cost for emitting CO, (carbon tax) in region r € R and time period t € T'[$=2]
s, = Electricity demand for region r € R and time period t € T'. [EJ/yr]
dr, = Heat demand for region r € R and time period ¢ € 7. [EJ/yr]
d' ..., = Energy demand for each transportation mode m € M in every region

r € R and time period t €T [EJ/yr]
9., = Table of rough distances between regions r; € R and r, € R [km]
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CULLUIUE Y 1UL UYuay 1 L 46 G vy poiassa vl gl
/! = Max growth limit, in relative terms, on primary energy extraction, energy o
conversion capacity, infrastructure capacity, and vehicle stock. [
K = Global growth limit on carbon storage capacity. [ ]
1 = Number of seconds per year expressed in millions. [Ms]
gm = Max fraction of electricity produced from intermittent energy sources.  [-]
£e9e = Max fraction of electricity produced in co-generation plants. ]
¢" = Max fraction of heat produced in co-generation plants. []
Eoe = Max fraction of heat produced in CCS plants. ]
4 = Min fraction of previous time step’s energy conversion. []
&4 = Min fraction of previous time step’s transportation fuels. ]
£, = Operation and maintenance cost as fraction of investment cost for energy
conversion plants that converts e; € E' to e, € E©. -]
c = Electricity requirements if applying CCS when converting e, € E' to
electricity (fraction on energy converted). []
B = Share of heavy road-based transportation modes m € M* that can be of
powertrain type BEV. ]
B = Share of heavy road-based transportation modes m € ML that can be of
powertrain type PHEV. []
Em = Fraction of time that a PHEV operates in battery mode for vehicles in
transportation modes m € M". ]
n’,., = Number of vehicles for transportation mode m € M" in every region r € R
and time period ¢t € T e

Ot,+, = Parameterized Impulse Response Function giving the contribution to the '
CO; concentration in year t; € T as a result of emissions from year t, € T'.[

Oc, e, = Indicates if energy conversion is allowed at a conversion plant f € F from a
primary energy source e; € E! to an energy carrier e, € E°. []

0 = Pre-industrial atmospheric CO, concentration. [ppm]
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