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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.

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

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

E°CE = all energy carriers (i.e. converted from primary energy sources).
ECT Cc E° = energy carriers that can be traded between regions.

E9CY c E° = energy carriers that can be produced from co-generation.

E°M Cc E© = energy carriers that can be used in the transportation sector.
E95 ¢ EM = synthetic and gaseous fuels used in the transportation sector.

EC9f Cc EOM = energy carriers for the road transportation sector.
EO9FL ¢ EOF = synthetic fuels and petroleum-based fuels for road transport.
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Next, we describe the Transportation Mode sets:

M = all transportation modes
MPcM = passenger transportation modes
MV cM = passenger cars and road-based freight
MYc M = heavy road-based transportation modes
MY cM = all freight transportation modes
MBcM = sea-based freight transportation modes
The Energy Conversion Plant sets are as follows:
F = energy conversion plant types.
FCCcCF = energy conversion plant types that can capture carbon.
FCCCF = 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.
pPH = all hybrids and plug-in hybrids.
P = all internal combustion engines and fuel cells.
The following are the sets for Regions and Time periods:
R = all regions.
T" = all time periods.
T = all time periods excluding the historical time periods.

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
e; € ET to energy out e, € E°. [yr]
al = Life time of infrastructure for e, € E9%. [yr]
ag ,m = Life time of vehicle powertrains of type p € P using transportation mode
m € MV and transportation fuel e, € EOM. [yr]
t..c0.,r = Capacity in energy conversion plants of type f € F' in region r € R that
convert energy from e; € Ef to e, € EY, in the model’s initial year. [TW]
Bf,’ = Small “kick-start” value when a new primary energy source is introduced
in region r € R. (2]
Bﬁ = Small “kick-start” value when a new energy conversion technology is intro-
duced in region r € R. [ ]
E; = Small “kick-start” value when new infrastructure is introduced in region
C o rer [
by = Small “kick-start” value when a new powertrain technology is introduced in
region r € R. [Sychicles]
¢ eo.s.t = Capacity factor (the share of maximum capacity that is used per year) for

energy conversion plants of type f € F' converting e; € E! to e, € E° in
every time period t € T -]
. = Capacity factor for infrastructure for fuels e, € E9°, [
Yeo.p.m,t = 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 r € R.  [935P]
€, e g4 = Investment cost, adjusted if assuming different investment and discount

rates, for energy conversion plants of type f € F that convert ¢; € E! to

e, € EC in time period t € T. [SPS2]

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

€o
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for infrastructure distributing energy e, € E°. [Gl\}IJtSCD}
ce, »t = Investment cost, adjusted if assuming different investment and discount rates,

for vehicles in transportation mode m € MY with powertrain p € P using

energy e, € E°F in time period t € T. [SUSD]
Pt = Cost for transportation of primary energy sources e; € E'T when trading

between regions. [S25R]
cst = Cost for transportation of energy carriers e, € E°T when trading between

regions. [SU5R]
cff = Additional, distance depending, cost for transportation of primary energy

sources e; € EIPT when trading between regions. [SY5R]
cgi = Additional, distance depending, cost for transportation of energy carriers

e, € E°T when trading between regions. [SZ5B]
cf = Cost for carbon storage from fossil CCS. [Gl\}ft%jD}
cb = Cost for carbon storage from bioenergy CCS. [Gh}[JcSCD}
b = Additional transportation cost applied to bioenergy CCS. [GESD}
.y = Cost for emitting CO, (carbon tax) in region r € R and time period t € T.[Gl\}ft%CD}
ds = Electricity demand for region r € R and time period t € T.. [EJ/yr]
dr, = Heat demand for region r € R and time period t € T [EJ/yr]
dfﬂ,m,t = Energy demand for each transportation mode m € M in every region

r € R and time period t €T [EJ/yr]
0y, = Table of rough distances between regions r; € R and r, € R [km]
eb = Estimation of future natural CO, sinks in biota time periods t € T.. [MtC/yr]
gl = Estimation of future emissions from land use changes for periods t € .  [MtC/yr]
er = Historical fossil emissions for time periods t € T'. [MtC/yr]
¢ = Constant used in carbon cycle model. ]
Nes.eo.f.t = Energy conversion efficiency when energy is converted from e; € E to

e, € B9 in plants of type f € F in time period t € T. ]
need = Carbon capture efficiency in bioenergy CCS plants. -]
neet = Carbon capture efficiency in fossil CCS plants. ]
772?7607 s = The share of energy output that is heat when converting e; € EicG

to e, € E9CY in co-generation plants of type f € F¢C. []
0., = Carbon dioxide emission factors for e; € E/FT [MC]
0° = Carbon dioxide emission factor from the use of CTL/GTL. [AF]
Ly = Growth limit on extraction of primary energy sources for every region

r € R and time period t € T. (1]
W, = Growth limit on biomass plantation for regions r € R and periods t € T". | dj; o
Lo, eo.p. = Growth limit on energy conversion plants of type f € F' that convert e; € E”

to e, € E© for every region r € R and period t € T [ ]
v = Growth limit on infrastructure for regions r € R and periods t € T'. [
fft = Absolute number in order to reach zero when phasing out a transportation

fuel for every region r € R and time period t € T'. (2]
Lfct = Absolute number in order to reach zero when phasing out a conversion

technology for every r € R and time period t € T (2]
/! = Max growth limit, in relative terms, on primary energy extraction, energy

conversion capacity, infrastructure capacity, and vehicle stock. -]
K = Global growth limit on carbon storage capacity. [ dl‘iﬁe}
p = Number of seconds per year expressed in millions. [Ms]
gim = Max fraction of electricity produced from intermittent energy sources. -

[

g9 = Max fraction of electricity produced in co-generation plants.
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gegh = Max fraction of heat produced in co-generation plants. ]
£ = Max fraction of heat produced in CCS plants. -]
de = Min fraction of previous time step’s energy conversion. ]
gy = Min fraction of previous time step’s transportation fuels. ]
o, = Operation and maintenance cost as fraction of investment cost for energy
conversion plants that converts e; € E! to e, € E°. [
. = Electricity requirements if applying CCS when converting e; € E' to
electricity (fraction on energy converted). -]
34 = Share of heavy road-based transportation modes m € M’ that can be of
powertrain type BEV. ]
& = Share of heavy road-based transportation modes m € M’ that can be of
powertrain type PHEV. -]
Em = Fraction of time that a PHEV operates in battery mode for vehicles in
transportation modes m € MV. [
n?... = Number of vehicles for transportation mode m € MV in every region r € R
and time period t €T [Grehiees]
¢+, 4, = Parameterized Impulse Response Function giving the contribution to the ‘

MtC}

CO; concentration in year t; € T' as a result of emissions from year t, € T.] =

Oc;.e0,f = Indicates if energy conversion is allowed at a conversion plant f € F' from a
primary energy source e; € ET to an energy carrier e, € E©. [

(0 = Pre-industrial atmospheric CO, concentration. [ppm]
rd = Discount rate. -]
uce = Max storage capacity for global captured carbon. [MtC]
ui’im = Annual maximum supply potential (non-fossil sources) of primary energy

source e; € E'F in every region r € R and time period t € T. [EJ/yr]
&giT = Total primary energy supply potential (fossil sources) of energy source

e; € E'™" in every region r € R. [EJ]

1.1.3. Variables First, we introduce the following continuous variables associated with Costs
and expressed in units [GUSD/yr] each region r € R and time period t € T

e 27, € RT is the total cost for extracting primary energy sources.

e z7, € R is the total cost, aggregated over all investments (e.g. energy conversion capacity,
infrastructure, and vehicles).

e 27 € R" is the total cost for operation and maintenance.
xif’t € R* is the total transportation cost for importing primary energy sources.
xﬁst € R* is the total transportation cost for importing energy carriers.

r:5, € R" is the total cost for storing carbon.
22, € R™ is the total additional transportation cost if applying CCS on bio-energy
x;, € R" is the total cost if applying carbon taxes to the model.

Second, we introduce the continuous variables associated with Energy in units [EJ/yr]| for every
time period t € T, dividing these into: main energy flow, energy conversion, import and export,
and transportation sector. The variables associated with the Main Energy Flow are as follows:

e y. . €RT is the amount of primary energy e; € E'" extracted in each region r € R.

° yﬁ{%t € R* is the amount of primary energy e; € E'F used in a region r € R after import/export
has taken place.

® y.. . €R" is the amount of energy e; € E' \ E'” that will be converted a second time in each
region r € R.

e vy’ . . €R" is the amount of energy carriers e, € E© produced in each region r € R.

o y,ifemt € R* The amount of energy carriers e, € E© that meets the demand after import /export
in each region r € R.
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e % € RT is the amount of heat produced using co-generation technologies in each region r € R.

e y¥ € R" is the additional electricity, added to the regional demand, if the model choose to
use CCS in heat generation plants in each region r € R.

e y*7 € R" is the total amount of energy from CSP.

The continuous variable associated with Energy Conversion is wy, . ., € R*, which is the
amount of energy converted from e; € E! to e, € EC by plants of type f € F in each region r € R
and time period ¢t € T and is in units [EJ/yr] .

The continuous variables associated with Import and Export are in units of [EJ/yr| for every
time period t € T' and are as follows:

o y7¢ , €RY is the amount of primary energy e; € E’"" exported from a region r € R.

oy ,€RT is the amount of energy carriers e, € E°T exported from a region r € R.
P €RY is the amount of primary energy e, € E/P7 imported to a region r € R.

o yi¥ ,€RT is the amount of energy carriers e, € E°T imported to a region r € R.

Yy, vyt € RT is the amount of primary energy e; € E'”" imported from region r; € R to a
region 75 € R.

o Y . e, €RT is the amount of energy carriers e, € E°T imported from region r; € R to a
region ry € R.

The next couple of continuous variables associated with the Transportation Sector are in
units of [EJ/yr] for every region r € R and time period ¢t € T' and are as follows: y;7' € R*
is the amount of transportation fuels e, € E°M required for powertrain of type p € P for the
transportation mode m € M and y;Y € R* is the amount of electricity used in the transportation
sector.

The following continuous variables associated with Investment and Capital are for every
region r € R and time period t € T"

® 2, . ;. €RY in units | TW_1 is new investments in energy conversion capacity for converting

T,€5, decade

e; € B to e, € E© in plant type f € F.

° z;emt € R* in units | dCTC‘;‘fiC] is new investments in infrastructure capacity for distributing energy
carrier e, € EOM,
® 2, ms€R"in units [%] is new investments in vehicles used in transportation mode
m € MV with powertrain p € P running on fuel e, € EOM.
o v, ., €R" in units [TW] is the aggregated capacity in energy conversion plants for con-
1 2y

verting e; € E! to e, € E© in plant type f € F.

e v, . €RTin units [TW] is the aggregated infrastructure capacity for energy carriers e, € E°%.

® v, m:€RT in units [Gvehicles| is the aggregated number of vehicles with powertrain p € P
using fuel e, € E°M in transportation mode m € MV

The next few continuous variables are associated with the Carbon Emitted and can take on
both positive values and negative values when using the strategy of negative emissions (e.g., to
reach really low CO, targets, the model might want to use CCS on bioenergy): s;, € R are the
annual emissions in each region r € R and time period ¢t € T7 in units [MtC/yr]; s{ € R are the
global annual emissions aggregated over all regions in units [MtC/yr]; and s are the total global
emissions aggregated over all time periods and regions in units [MtC].

The following continuous variables are associated with the Carbon Captured and are in units
in units [MtC/yr]| for every region 7 € R and time period ¢t € T7": sﬂt € R" is the annual amount of
carbon captured from fossil fuels; s’ , € Rt is the annual amount of carbon captured from biomass;
and s/, € R" is the annual amount of carbon captured from fossil fuels and biomass.

The last two variables are associated with the CO, Concentration: s; , € R is the carbon
contribution generated by the carbon cycle module in time period ¢; € T from time period t, € TT
in units of [MtC/yr|; and s¢¢ € RT is the atmospheric CO, concentration, from the carbon cycle
module, in every time period ¢t € T7 in units of [ppm)].
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1.1.4. Objective Function The objective of this model is to minimize total global energy
system cost: the expression in the denominator is the discount factor.

t(xf, 4+ a8, + 20+ ok + ol + 20 4 b, + 2t
Mlnlmlzezz i Aty i : YVt € {1990}
reR teT

1.1.5. Constraints We have divided the constraints into logical groups around the following:
cost, primary energy flow, secondary energy flow, transport balances and limitations, investments
and depreciations, and emissions.

Costs
The first set of constraints define the cost decision variables for simplification of notation in the
objective function:

e Total cost for extracting primary energy sources for each region and time period:

wh= > &l VreRteT (1)

e;€EIPT

e Total cost, aggregated over all investments done (energy conversion capacity, infrastructure,
and vehicles) for each region and time period:

= Z Z Z C;eoftzﬁeieoft + Ciozieot + c:(,ptz:eopmt \V/ S R7 te T (2>

e;€EEl eoeEO fEF

Total cost for operation and maintenance for each region and time period:

- Z Z Z §oreoCoseoftNeicoft!/ MWrecopr ¥V T EREET (3)

e;CEl eocEO fEF

e Total transportation cost for importing primary energy sources in each region and time period:
= > > [ Gy ey ¥V T EREET (4)
e, € ETPT roeR\{r1}
e Total transportation cost for importing energy carriers in each region and time period:
wt= YN e 0y e Y T EREET (5)
eo€EOT ro€R\{r1}
e Total cost for storing carbon (including transportation of COs) in every region and time period:

2 =c'sl, +cPst, YV reRteT

e Total additional transportation cost for carbon capture and storage from bioenergy conversion
plants in every region and time period:

2, = Z Z ci’w,‘feieoﬁ VreRteT (6)
eo€EQO feFCC

e Total cost for each region and time period if applying carbon taxes to the model:

zt,=c,s¢, YV reRteT (7)

r

Primary Energy Flow
We first describe the constraints around Extraction and Trade.
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e Upper bound on the amount of non-fossil primary energy sources extracted in each region in
every time period: )
Yo <uly, VreReeE" teT (8)

e Upper bound on the amount of fossil primary energy sources extracted in each region over all
time periods:
> b, <ul vV reR,ecE” (9)
teT
e The primary energy used in a region must be equal to the primary energy extracted in the
region plus the primary energy that has been imported to the region minus the primary energy
that has been exported from the region:

yfg t = yreit + yfé:t yf:tt VreRec EIPTa teT (10)
e The use of primary energy sources, that can not be traded, must be equal to the primary
energy extracted in the region in every time period:

yfé:.t:yfeit VreR,e,c BIP\ET teT (11)

e The import of primary energy sources to one region must equal the sum of all exports from
other regions to this specific region:

yf;; = Z yrzreelt v r; € R7 €; € EIPT7t €T (12)
re€R\{r;}

e The export of primary energy sources from one region must equal the sum of all imports to
other regions from this specific region:

pet

yreelt: Z yr ree;t V TEER,GiEEIPT,tET (13)
ri€R\{re}

The couple of constraints around Energy Conversion Balancing Primary Energy Sources
are itemized below:

e The primary energy used in a region must be equal to the amount of primary energy converted
to energy carriers in energy conversion plants, in each region and every time period:

yrelt—z Z Wieeort V I ER € E cE™ teT (14)

fE€F e,eEO

e Here we define the global use of CSP. In the scenarios where we assume that CSP will not be
a large scale available technology, we set the variable y;*" to zero.

Yl = Zyw . V e; € {solar CSP},t T (15)

reR

Secondary Energy Flow
We start by introducing the constraints involving Energy conversion to energy carriers and
trade.

e For energy carriers that can not be traded between regions, the amount of energy carriers
used in a region must be equal to the amount of primary energy sources converted in the region’s
energy conversion plants times the conversion efficiency in each region and every time period:

Yook =D > NeseoftWeereops ¥ T ER e, € EO\ECT teT (16)

fer eiGEI
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e For energy carriers that can be traded between regions, the amount of energy carriers used in
a region equals the amount of primary energy sources converted in the region’s energy conversion
plants times the conversion efficiency, plus the energy carriers that have been imported to the
region minus the energy carriers that have been exported from the region, for each region and
every time period:

Yoot = D D NeseoftWeereo i H U, —yict, ¥V r€Re, € EOT t €T (17)

feFeiEEI

e The import of energy carriers to one region must equal the sum of all exports from other
regions to the specified region:

TiTe€ol

re€R\{r;}

yt o= > oyt Vri€Re, B teT (18)

e The export of energy carriers from one region must equal the sum of all imports to other
regions from the specified region:

yf.:iot: Z yst Vr.€eRe,cET teT (19)

TiTe€ol

ri€R\{re}

e The amount of heat produced in co-generation with electricity equals the exogenously given
share of heat in such conversion plants times the total amount of energy produced in these plants,
for each region and every time period:

y:? = Z Z Z aneofw'rC"eieoft vor € th eT (20)

e;€EICG ¢,e FOCG feFCG

e These constraints specify the balance (i.e. transfer ) of energy carriers produced, imported,
and exported to the next model node where energy carriers meet the demand. The amount of
energy carriers meeting each region’s demand must be less than or equal to the amount of energy
carriers produced and traded for each energy carrier except heat, and for each region and every
time period:

yf.got <Yrest YV TER, e, € E°\ {heat},teT (21)

e The energy carrier heat is balanced (i.e. transferred) to the next model node where energy
carriers meet the demand. The amount of heat meeting the demand in a region must be less than
or equal to the amount of heat produced in conventional heat generation plants plus the heat
produced in co-generation plants, for each region and every time period:

yﬁfot < Yoot T Ui ¥V rER e, € {heat}, teT (22)

The next group of Secondary Energy Flow Constraints involve the Conversion of Energy
Carriers to Other Energy Carriers:

e Some energy carriers (e.g., electricity and hydrogen) can be converted to other energy carriers
(e.g., heat). There must be an equal or larger amount of an energy carrier produced in the first
energy conversion process than what can be used in this second conversion process, for each of the
energy carriers allowed to be converted a second time and for every region and period:

Ve =D > Woeoose ¥V r€ER,e; € B'\E'" teT (23)

fE€F ¢,eEO
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e The amount of energy carriers converted again must be less than or equal to the difference
between the energy carriers produced, including import and export, and the energy carriers meeting
the demand for each of the energy carriers allowed to be converted a second time, each region and
every time period:

Ve SUoeu— il ¥ rE R, € ENET teT (24)

The following group of Secondary Energy Flow Constraints involve Balancing Heat and Elec-
tricity demand:

e The total amount of heat generated in a region must be greater than or equal to the exoge-
nously given heat demand in each region and every time period:

Yl >d" ¥V reR,e, € {heat},tcT (25)

e The net amount of electricity generated in a region must be greater than or equal to the
exogenously given electricity demand plus the additional electricity needed if the model chooses
to apply CCS on heat generation plants, as well as if the model chooses to use electricity in the
transportation sector (e.g., for PHEVs and BEVs) in each region and time period:

yﬁfot >de,+ys+uys ¥V reRe, €{elect,teT (26)

rt

We group the Secondary Energy Flow Constraints on Balancing Demand on Fuels for
Transport as follows:

e For non-electric vehicles, the amount of transportation fuels produced (except electricity)
equals the fuel required for all transportation modes and all powertrain types for each region and
time step:

vl = Z Z Yo e ¥ T E R e, € EOM\ {elec},teT (27)
meM peP

e The total amount of electricity used in a region’s transportation sector equals the electricity
required for all transportation modes (e.g. passenger rail, freight rail, high speed rail) and all
powertrain types (e.g. PHEVs and BEVs) for each region and time step:

Yo = Z Z Yrerpmt ¥ T € Rye, € {elec}, t €T (28)

meM peP

e The exogenously given energy demand for the different transportation modes must be equal
to the amount of available fuels (for all fuels and powertrain options) times a relative powertrain
efficiency factor in each region and time period:

= Z Z'yeopmtyﬁgpmt VreRmeMteT (29)

e, €EOM peP

The next group of Secondary Energy Flow Constraints involve Limitations on Co-generation
and Intermittent Energy:

e The amount of electricity coming from co-generation plants is limited to a certain share of the
electricity demand for all regions and time periods.

S Meeosttye gy SETAS VT ER e, € {elech te T (30)
eiEEICG fEFCG

e The amount of heat coming from co-generation plants is limited to a certain share of the heat
demand for all regions and time periods.

Z Z Z nzfeofwﬁeimft S gcghdﬁt v S R7 te T (31)

eiEEICG fEFCG e, € EOCG
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e Electricity from intermittent energy sources (e.g., wind and solar) without electricity storage,
such as hydrogen production, is maximized to a certain share of total electricity production.

Wre oot T Wiciep it < gmys! ¥ reR,e; € {wind},é; € {solar},e, € {elec}, f € {0},t €T

We group the Secondary Energy Flow Constraints on Limsitations on Technology Growth
and Depreciation as follows:

e This limits the relative growth on energy conversion capacity for each combination of primary
energy source and energy carrier, type of conversion plant, region, and time period.

g l
c tin(1+."),,c
rejeofto <e Urejeofty

v +b0V reRecE e,cB° feFtieT taeT ty=t,+1 (32)

e This limits the growth on energy conversion capacity, in absolute number, for each energy
carrier, region, and time period.

Lye o -
¢ + ol vy e R, € B e, eEC, fEFt €Tt €T 1ty =1, +1 (33)

c
v"'eieoftQ S U”'eieoftl c
eieoft1
e This limits the relative growth on infrastructure capacity for each energy carrier, region, and
time period.

i fin(1+:b) i
Ureotg S € Ureotl

+b VYV reRe, cE° tyeT theT ty=1,+1 (34)

e This limits the growth on infrastructure capacity, in absolute number, for each energy carrier,
region, and time period.

, . I -
vl <l 4+ Y reR e, €EC ty €Tt €T ity =1, +1 (35)

reoty — “reoty IBZ
€o

e This limits the relative growth on vehicles for each combination of powertrain, fuels, trans-
portation mode, region, and time period.

g l
UU < etln(l-l-b ),Uv

reopmty — reopmty

+b0° VY reRe cE° pePmeMt,cT theT to=t+1 (36)

e This limits the relative growth on extraction of primary energy sources for each source, region,
and time period.

yfe-t <et~1n(1+Ll)y£E_t +B;D Y TGR,GZ' EEI,tl eT,tg 6T:t2:t1+£ 37
il2 1t1 T

e This limits the growth on extraction of fossil primary energy sources for each source, region,
and time period.

Yreits <Yresy, Tir, ¥V r€ER € € E'PE i eT theT ity =t +1 (38)
e This constraint limits the growth on extraction of biomass for each region and time period.
Yrorty SYresty o, VT ER e, €{bio} ty €Tt €Tty =11 +1 (39)

e This limits the decay to capture energy system inertia when phasing out an energy conversion
plant for each primary energy source converted to any energy carrier, in all types of conversion
plants, for each region and time period.

Wreeo fto §fdcwﬁeieoﬁl —Lftcl VreRe€FE e,cE° fcFt,cT tocT ty=t,+1 (40)
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e This constraint limits the decay when phasing out a transportation fuel technology for each
transportation mode, powertrain technology, region, and time period.

Yl ey < EV Y WV reRe, e B pePrme Mt €T ta €T ito=t,+1  (41)

yreopmt2

Transport Balances and Limitations

The first grouping is to Balance the Number of Cars and Trucks to the Different Fuels.
e The amount of transportation fuels must be less than or equal to the stock of vehicles for

region, time period, and road based fuel and powertrain combination, except for PHEVs, times

a conversion and scaling factor. This factor consists of the exogenously given energy demand for

transport divided with the exogenously given total amount of vehicles and the relative powertrain

efficiency factor:

dt
et < 77"7";; veopmt V T E R e, € E°% pe P\ {phev},meM" teT (42)
eopmt!rmt

e The amount of liquid fuels for PHEVs must be less than or equal to the stock of PHEVs times
a conversion and scaling factor. This factor consists of the exogenously given energy demand for
transport multiplied with the non-electric share of energy needed for PHEVs, divided with by the
exogenously given total amount of vehicles and the relative powertrain efficiency factor, for each
road based fuel, region, and time step:

. 1-—
Yrewpmt < vauewmt V r€R,e, € E9f pe{phev},me MV teT (43)
eopmt!bprmt
The next constraint associated with Transport Balances and Limitations is around Non-electric
Fuels for PHEVs:

e This constraint balances the right amount of liquid fuels to complement the electricity in
PHEVs:

Yeopmt yimo = Jeopmt yen .V reR,E, e {elect,pe{phevl,me MY teT (44)

_5 reopmdt f re’pmt
eo€ EOM m m

The next couple of constraints associated with Transport Balances and Limitations are on Lim-
itations on Heavy FElectric Vehicles.

e The powertrain technologies HEVs and PHEVs are assumed to play a limited role in future
transportation modes. Trucks and Buses are therefore limited to a certain share of energy demand
for these modes.

Jeopmt ysmcep gt e Rome MEpePHteT (45)

_f reopmt mrmt
o€ EORL m

e The BEV powertrain technology is assumed to play a limited role in future transportation
modes. Trucks and Buses are therefore limited to a certain share of energy demand for these modes:

VeopmtYom omi < &l ¥ 1€ Rye, € {elec}, pe {BEV},me M" teT (46)

Investment and Depreciation
The first grouping of constraints is around Energy Conversion Plants, Infrastructure, and
Vehicles:
e The initial capacity (for 1990) in energy conversion plants is equal to the exogenously given
capacity plus new investments made in 1990.
e =y eost 2 VTER e EE" e,€ E, f€F,te{1990} (47)

re;eoft T Vrejeo
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e Aggregated capacity in energy conversion plants equals new investments plus the aggregated
capacity from the previous time period multiplied by a depreciation factor based on a plant’s
assumed life time.
=128, ey +et1“<1‘1/“§ieof)vfeieoftl VreRe,€E e, c EC feFtyeT ty€T ty=1,+1

(48)

e Aggregated capacity in fuel infrastructure equals new investments plus the aggregated capacity

from the previous time period multiplied by a depreciation factor.

c
Ureieo fto

A eM1/0t)yi Y reR e, € EOS t €Tty €T ity =t +1 (49)

Teot]

U’f‘eotg -

e The aggregated number of vehicles, with a certain powertrain technology, equals new invest-
ments plus the aggregated stock of vehicles from the previous time period multiplied by a depre-
ciation factor.

+ e“““—l/aﬁopmw’;wmtl VreR e, € EOM meMV t,eT tocT ty=t,+1
(50)
The second grouping of constraints on Investment and Depreciation is around Balancing
Investments to Energy Flow:
e The energy flow in energy conversion plants times its conversion efficiency must be less than
or equal to the aggregated capacity in energy conversion plants (converted from TW into EJ/yr).

v _ v
vreopth - tzreopmtz

NeieoftWre;eo ft < Beseo ftlVreseore ¥ T E Ry€i € Ele,cE°, feFtecT (51)

e The amount of fuels used must be less than or equal to the aggregated capacity in fuel infras-
tructure (converted from TW into EJ/yr).

yl < Bt Y reRe, e B9 teT (52)

The next grouping of constraints on Investment and Depreciation is around CCS and Limsi-
tations:

e This limits the total amount of captured carbon from fossil fuels in each region and time period.
When using “less than or equal” the regions have the possibility to invest in CCS-technology but
wait a decade or so before using it.

sh< > > Y benul, ;0 VreRLET (53)

eiEEIPF eo€EO fEFCC

e This limits the total amount of captured carbon from bio-energy in each region and time
period.
sh, < Z Z Oc,1*Wey oose ¥ T ER,e; € {bio},teT (54)
eo€EQ feFCC
e This sets the total amount of carbon captured in each region and every time period. In the
scenarios where we assume that CCS will not be a large scale available technology, we set this

variable to zero.
st,=sl,+s%, VreRteT (55)

e This sets the global limitation on carbon storage expansion for every time period.

ZsitQSZsﬁtl—i—fﬁtheT,tQGT:tgztl—i—f (56)
reR reR
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e This constraint sets the global limitation on carbon storage.

Z Z tsh, <ue (57)

reR teT

e This specifies the maximum heat demand that can be fulfilled from CCS facilities for every
region and time period.

SN wt, e <6dl Vo reRe, € {heat},te€T (58)

e;€EIPT fepCC

e This specifies the additional electricity needed if the model choose to use CCS in heat gener-
ation plants for each region and time period. Note that we assume that negligible additional heat
is needed when applying CCS.

vt =Y &ul, . ¥ r€R e, €fheat}, f€{CCS},teT (59)

e;€BIPT

The next constraint on Investment and Depreciation is around Allowed Energy Conversion
Paths:

e This constraint whether or not energy conversion from a primary energy source to an energy
carrier is allowed for each primary energy source, energy carrier, and type of energy conversion
plant. When o, s =1, then the constraint guarantees that it is not allowed, as the constraint is
then active.

Z Zaeieofwfeieoﬁ =0V e, €E e, c B, fCEF (60)
reR teT
Emission Calculations

e This constrains the carbon dioxide emissions in each region and time period. The emissions
are based on the amount of primary energy sources used in a region after import and export.
For tradable secondary energy carriers that contain carbon in the fuel (i.e., CTL and GTL), the
emissions are separated between the producing and using region. Captured emissions from applying
CCS are subtracted from the total emissions.

se, = Z Oeiyfgit — st — 0%y + 0y ¥V reR,e, € {CTL/GTL},teT (61)

reot reot
e; cEIPF

e This sets the global carbon dioxide emissions for each time period. When analyzing different
CO, reduction targets, we vary the upper bounds on variable s7.

si=> s, VteT (62)
reR

e This sets historical global emissions for each time period.

er=> si, VteT'\T (63)
reR

e This sets the aggregated global carbon dioxide emissions.

s= Z Z tse, (64)
reR teT

The next couple of constraints involve the Carbon Cycle Model:
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e The carbon contribution to the atmospheric CO, concentration from one time period to
another time period depends on the emissions from fossil fuels, as well as estimated future emis-
sions from land use changes and estimated future biota sinks, times a factor given by the impulse
response function.

8§11y = Otrt <Z Syt —1—512 — 5f2> Yoty taeTT (65)
rcR
e This sets the atmospheric CO, concentration.
siC=1p+¢ Y s, YV eT” (66)
tocTT

Note that the mathematical formulation presented in this paper can be modified with different
constraints based on the desired scenarios. For example, we could include upper bounds on the use
of nuclear energy, assuming no expansion beyond current global capacity or limit the amount of
hydrogen used in aviation. The model described in this paper is not meant to be all inclusive but is
meant to lay the foundation upon which any modeler can expand based on their specific questions.



