Connecting bottom-up future technologies
transformation models FTTs to a global macroeconomic
model ESME

camioridge
4 econometrics

18 February 2019



Overview

= E3ME macroeconomic model
= FTT bottom up technologies submodules
= Combining ESME and FTTs
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What is EAME?
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What are the key dimensions & features of ESME”?

Detailed Coverage

61regions (33 European, 28
World)

70/44 economic sectors
and 42/28 consumption
categories

23 fuel users of 12 fuels

Consistent

based on system of
national accounting
input-output tables
pilateral trade

Ledme
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Comprehensive

whole energy, environment
and economy system

two way feedback
between each module
covers many policy
instruments

Forward Looking

annual projections to 2050
(2100 possible)

behavioural equations with
effects from previous
outcomes

ex-ante scenario analysis
(ex-post is also feasible)

Highly Empirical

1970-2016 database

28 econometric equations
relationships validated from
data

econometrics allows for
short-medium and long
term analysis

Modular

E3: Energy, Environment,
Economy and material
modules

power generation, road
transport, heating, iron and
steels sub-module
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EAME as an E3 model

- Each
component of
the modelis
shown in its
own box

« The linkages
pbetween the
components
are shown by
arrows that
indicate which
values are
transmitted
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Comparison with CGE models

E3ME is often compared to CGE models. In many ways the modelling
approaches are similar, (e.g. similar inputs and outputs), however, E3ME
offers some advantages due to its theoretical differences:

Varying
competition over
sectors

Product supply-
demand
palance

Varying returns
to scale

Model allows for Economic
voluntary and parameters
involuntary lbased on nearly
unemployment 50 years of data
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What can ESME be used for?

e

» sector specific
studies e.q.
aviation, water
transport,
engineering,
chemical

« impacts of R&D

« fiscal policies:
government
revenues and
spending
monetary
policies
trade
agreement

labour supply
and demand
forecasts

lalbour market
policies e.Q.
improving
female
participation
rate

Decarbonisation

ETS/ carbon
market

carbon/energy
targets

carbon/ energy
tax

Others

and innovations

* resource
efficiency

ETR

Energy & Climate

renewables
energy
power _
generation mix
green jobs

« CDM

e removal of
harmful
subsidies

Economics/ Labour Market
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What are the typical model outputs of ESME??

* GDP and its
aggregate
components

* sectoral output &
GVA, prices, trade &
competitiveness
effects

» sectoral
international trade
in bilateral format &
can be presented
by trade blocs

» consumer prices &
expenditures, &
implied household
distributional
effects

Economy

Le3me
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* sectoral
employment by
gender

* labour force and
participation rate
by gender and age
groups

* unemployment
rate and level

* sectoral wage rate

* real income of
different socio-
economic groups

* GINI coefficients

* energy demand, by
users and by fuel

* energy prices

* Power, road
transport, heating,
iron and steel
sector detailed
results

* CO, emissions by
sector and by fuel

* other air-borne
emissions

* material demands
(DMC, DMI, DE, M,
X, TMR), by users
and by materials

Energy & Environment
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What are the strengths and limitations of EAME"?
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Technological progress plays an important role in the EAME model, affecting all
three E’s: economy, energy and environment:

= The model's endogenous technical progress indicators (TPIs), a function of R&D
and gross investment, appear in nine of E3ME’s econometric equation sets
iNcluding trade, the labour market and prices

= |nvestment and R&D in new technologies also appears in the EAME’s energy and
material demand equations to capture energy/resource savings technologies as
well as pollution abatement equipment

= |n addition, EAME also captures low carlbon technologies in the power, road
transport, heating, and iron and steel sectors through the FTT (Future Technology

Transformations) sector models <
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Based on [EA data

Key users are calculated using bottom up energy technology sub-model (the
FTT- Future Technology Transformations)

v Power
v Road transport
v Residential heating
v Iron and Steel
Remaining final users are calculated by econometric equations
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No explicit production function
2-level hierarchy:. aggregate energy demand equations and fuel share
eqguations

Demand affected by industrial output of user industry, household spending in
total, relative prices, technical progress
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FU:22 (fuel users)

©CoNOaRAWN=

Power Generation
Own use

Hydrogen production
Iron & Steel
Non-ferrous Metals
Chemicals

Mineral Products
Ore-extraction

Food, Drink & Tobacco
Tex., Cloth. & Foot.
Paper & Printing
Engineering etc
Other Industry
Construction

Rail Transport

Road Transport

Air Transport

Other Transport serv.
Households
Agriculture, forestry, etc.
Fishing

Other Final Users

edme.com

J:12 (fuels)

Hard coal

Other coal etc
Crude oil etc
Heavy fuel oll
Middle distillates
Other gas
Natural gas
Electricity

Heat

10. Combustible waste
11. Biofuels

12. Hydrogen

©CeN>OAWN=

EM:14 (air emissions)

©CoNaRAWN=

CoO,

SO,

NOy

(6{0)
Methane
Black smoke
VOC
Nuclear - air
Lead - air
CFCs

N,O (GHG)
HF; (GHG)
PFC (GHG)
SF; (GHG)
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Future Technology Transformation
(FTT)




Why FTT?

= Bottom-up model; econometric equations No gppropriate for power
generation because there is typically a small number of large plants and the
econometric approach is not well suited for the development of hew
renewadble technologies

= Current standard in energy systems modelling is by cost-optimisation/linear
programming
e.g. TIMES/MARKAL, MESSAGE, AlM, etc

= |s optimisation always what policy-makers find useful?
= Replacing the social planner by real people

Lezm Qs
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What is FTT?

= Can be classified as a post-Schumpeter, evolutionary, innovation model

= Framework was designed by Jean-Francois Mercure for the power sector in
2012

= Since then, models have been developed for the road transport, residential
heating, and iron and steel sectors

= S00N to be expanded by an agricultural/land-use model
= More to come in the future!

Mercure (2012). https://doi.org/10.1016/j.enpol.2012.06.025

Mercure & Lam (2015). https.//doi.org/10.1088/1748-9326/10/6/064008

Knobloch & Mercure (2017). https://ec.europa.eu/energy/en/dataanalysis/energy-modelling/macroeconomic-modelling
Vercoulen, et al. (2018). http://wwwecono.meijo-u.ac.jp/discussion/dp 0008.pdf

Lindner & Mercure (2018). https://www.ceenrg.landecon.cam.ac.uk/other-files/bridge-files/bridge-ws-06-18-p07-s-lindner.pdf
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What does it do?

FTT steps into the shoes of the entrepreneur

= Calculates technology-specific cost of production

Assumes imperfect knowledge leading to sub-optimal preferences
Preferences are fed in to the decision-making core

Mimics S-curve (accumulated adoption over time)
Learning-by-doing

Spews out investment demand, average prices, and fuel consumption, which,
iN turn, communicates with other parts of the ESME-FTT framework

Lezme Qs
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The FTT methodology

= Modelling innovation requires approximation of investor behaviour

= |nvestors will estimate the revenue and expenses associated to varying
technologies to produce the same product within the constraints of a sector

= ...even if investors are consumers investing in a new car or boiler! The only
difference being that intangible costs come into play

= Every FTT model calculates the levelized cost and uses it to estimate investor
preferences

= Preferences are decided upon by a pairwise comparison of technologies
lbased on distributions of cost

= The preference feeds into a Lotka-Volterra equation (predator-prey) to
decide upon market shares while taking into sectoral constraints

Lezm Qs
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Strength of FTT

= Highly detailed
= Lucas critigue does not apply (for the most part)
= Takes into account sector-secific limitations

= Allows for a myriad of sector-specific policies and therefore
allows us to analyse said sectors in greater detail

D Coupling with ESME allows us to analyse innovation in an ever-
changing economic environment and impacts of innovation on
economy and jolbs
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What is innovation”?

<

Adoption rate

>

Characteristic S-

curves!

Late Majority Laggards
34% 16%
e e ot S u—-._Ti.r...ne

Diffusion and learning

interact

o P e -

e I

Cost of atechnology /

product decreases as

it gets adopted more
due to learning-by-

doing, i.e. incremental

innovation

Mercure (2015). https://doi.org/10.1007/s00191-015-0413-9
Grubler, et al. (1999). https://doi.org/10.1016/50301-4215(28)00067-6

cidime

Time

v

Environment

Innovation phase
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ﬁ’ Technology birth,
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Time t /\ Birth function m(b)
,\ Survival function ¢ (a)

Demographic phase

Socio-technical context

Usually multiple new
technologies arise
around the same

time, and usually
one of them
becomes the

dominant design
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Mathematical framework - Levelized cost calculation

T
IC(t) + OM(t) + FC(t) + CO2T(¢) + -+
NPVexpenses:Z () () () ()

1 t

d T+
P(t)*Production(t) 1

NPV, income ZT (1+1)t =rx* Sm

LIC(t) + OM(t) + FC(t) + CO2T(t) + -+

NPV, 0 T
Break — even: expenses _ (1 + T) _4
NPVincome P x Z
°(1 + a+n)t
IC()+0OM(D)+FC()+CO2T )+
0
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Mathematical framework - Investor preferences

_ LC]—LCL _ xj—xl- 2 2 ) )
Fl-_,j—erf W = erf oi; SdFij=\/SdLCi +SdLCj = ’O-i +O'j = Ojj

P}'—>i =1 _F}'—n'

(Nearly) perfect
knowledge / clear

T
nsumer choices

Imperfect knowledge AR _ .
/ imperfect
decision-making /
different
perceptions of costs

perception of costs

i.e. different Generalised cost x =
o v v ; ’ L People adopting j
IﬂveStlng Ogents People adopting i

1
‘-:‘ ! Fij(AX) =1- Fji(AX)
1
S : .

1O = [o? + o}
1

People adopting j :

n P 1 . . ,
Generalised cost difference Ax alised cost difference A x
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Mathematical framework - Market share changes

AS o S S g A
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J
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Lotka-Volterra replicator . . .
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Transport sector
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Domain of FTT:Power

wn
Q@ % Onshore wind /'1_5\\
o & ol - N ]
RO .. o Policies in FTT:Power
> 5 : :
2 M1/ Feed-in-tariffs
N Subsidies on capital
8 e B investment
=2 Electricit .
3 |oric|eI g Regulations
E Plant lifetimes
o > Techmix Planned capacity additions
> Electricity demand-side
\\ \_‘f,_--"“:\:‘ Investment policies
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Domain of FTT:Transport

Middle :
distillates :

Natural gas \

Petrol - economy
Petrol - mid-range
Petrol - luxury

Adyv. Petrol - economy
Adv. Petrol — mid-range
Adv. Petrol - luxury

Diesel - economy
Diesel - mid-range
Diesel - luxury

Adyv. Diesel - economy
Adyv. Diesel - mid-range
Adv. Diesel - luxury

LNG - economy
LNG - mid-range
LNG - luxury

__

Hylorid — economy
Hylborid — mid-range
Hylorid - luxury

Electricity

Electric - economy
Electric - mid-range
Electric - luxury

Motorcycles - economy

Motorcycles — mid-range

Electric bikes — economy
Electric bikes — mid-range

Lezme
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v

Vehicle fleet —

v

Distance
driven

A\ 4

Emissions

—

Consumer
expenditure

Policies in
FTT:Transport
Vehicle tax

Road tax
Fuel tax

Carbon tax

Biofuel mandate
Regulations

Planned vehicle additions

cambridge
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Domain of FTT:Heat

Qil boiler
“_ Oil condensing —
ool eside - . 4
: > heating Policies in FTT:Heat
: tech mix . .
gas , Subsidies/taxes on capital
,, nvestment
Emissions Eﬂel’gv tOX
Coal Coal stove Carbon tax
Heat District heating v Regulotion S
. . C .
Electric boiler exponditure Kick-start mandate
Electricit Heatpump ground Heat demand management
. B (e.9. building requirements
Heatpump Air-Air to improve insulation)
Solar Solar thermal

orid
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Domain of FTT:Steel

Raw materials and energy carriers (e.g. iron ore, coal, natural gas, electricity, hydrogen, ete.)

v v i} v v |

Pellet plant

Policies in FTT:Steel

Subsidies on capital
investment

e ,
- ST S ‘ Regulations

Colee plant | | Coke plant Coke plant Pellet plant Pellet plant

Precursor steps

Sinter plant | | Sinter plant Sinter plant

Pellet plant | | Pellet plant Pellet plant

Conventionall Conventional |Blast Fumnace Advanced Direct Direct

L

'-'g Smelt ; : : Hydrogen 5 ¥ o

| Bl Bl - Top Ga Smelt Red = Reduction - A

Bl | some || e | iy | | B9800 | | metocion | | " | | kb | | FiSmen Plonned capacity additions
(Coav. BE) | | (Conv. BE) TGR) (SR (DR-gas) (DR-coal) i

Material tax/sulbsidy
I ! I e Energy efficiency

| o B Omyen Bleic A | | it A | Mol O investments

Fumnace

(OHF) (BOF) (EAF) (Scrap-EAF) (MOE)

A A A A R&D investments

; ah Lo Capacity utilisation
H 5 i : : regulation
q ! ' ' i .
e : o L Steel sector subsidies
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New feature: dispatch model for the power sector

= FTT:Power solves annually and therefore lacks detail on seasonal variation in
electricity demand and electricity supply of variable renewable energy sources

= FTT steps into the shoes of the entrepreneur/investor, while dispatch models step
iNto the shoes of the dispatcher

= The role of the investor is to maximise profit (within constraints and without perfect
foresight); the role of the dispatcher is to minimise the risk of power outages

= |nthe age of renewables, ways to storage electricity across seasons lbbecomes
increasingly important

v when willinvestors / dispatchers prefer seasonal storage over curtailment or increasing the
intermittent stock? Nolbody knows this answer

v without storage, full deployment of variable renewadble energy sources is impossible

v_ an older version of FTT:Power might underperform because the system lacks flexibility to allow
for higher share from intermittent renewables

= Using statistics, the seasonal v,oriobi,lit¥ of electricity demand can bbe mimicked
without the need of modelling it explicitly. This is because capacity planning OCCcurs
in larger timeframes than sedsonal variability

Lezme Qs
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Dispatcher meets investor

- By ordering the hourly demandina
vear, we get load-duration curves Losd Lo i’fdk
= We can divide this in different load (GW) (GW)

lbands and assign technologies to . | 5 7
each based on their CNArACLErSUCS  jgag ooy
= Variable renewables canbe base load
subtracted from the load-duration
curves to get residuadl load-duration 8 \ : N
Time (chronological order year Time (sorted) year
Curves ( : : Potantial full-l(;[ad hours
= Using this framework we could be able e e = -
to estimate investor preferences for 18 8 § g 38 8 g
inCreasing intermittent capacity, T |t ‘ NI
storage capacity, or curtaiment ( [ e e e i i = e o
Ueckerdt, et al. (2017). https://doi.org/10.1016/j.eneco.2016.05.012 P 244y ) J ( N residua { J{ — l'v“-i?l’?T’ }
; 1”: 3 Base-load band peak ';fmd R e, 3
| A N S |

Seéme o B —
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Effect of policies on the levelized cost

TWhy

Japan
Heat generation

Fuel tax 1

N

2000

Improvec{ insulation

2020

-29%

2040 2000

CO2 Emissions
I -64% (-67%)

-73% (-869

77% (-95%)

-74% (-83%)

-81% (-99%)

2020 2040

Mt/y

60

Effect of
changing costs
on diffusion

60

I oil
40— Gas
20 I Biomass
I Coal

Electric

60

40

0.25

0.2

01

LCOH incl. policies (Euro/kWh)

0 , A \
2015 2020 2025 2030

Il Advoil
I AdvGas
I Adv Biomass
Il District
I HP (Ground) I HP (Air)

Solar Thermal

20 Effect of
o learning-by-
Ml doing on costs

40

20

015

|72 0Oil ——4-Gas —— 6-Wood (boiler) ——7-Coal —— 9-Electric —— 10-Heatpump (Ground) — — 11-Heatpump (Air-Water) 13-Solar Thermal
T T T T T T T T T T T T T T T T T 0.25
. 0.2
Baseline Carbon tax Subsidy
0.15
» = e —104
0.05

2035 2040 2045 2015 2020

2025 2030

2035 2040 2045) 205 2020 2025 2030 2035 2040 2045 2050

01

olicies (Eur/kWhUD)

Capacity (GW)
solar thermal,

Solar thermal heating costs,
without further policies

without further 4

policies

—35 Japan
=41 China
——48 Korea
=49 Taiwan

Effect of policies
Oon COosts
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_imitations of FTT
In general
= how (un)certain are investors?
= did we get the sectoral constraints correct?
= did we get the regional diversity correctly?
Power sector Road transport sector
=when model goes beyond limitations,
weird results appear = no hydrogen fuel cells cars
= NO treatment of infrastructure or = constant gamma values
trade = NO relation to infrastructure
Residential heating sector Steel industry
= NO treatment of infrastructure =high technological detail but no
= NO treatment of hydrogen-based historical record of utilisation
heating =_imited data on costs

Lezme Qs
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Upcoming developments -1

FTT:AQri

= An FTT variant where different land-uses are in competition
= directed by demand for specific food commodities and demand for biofuels
= constrained by land available, bio-physical parameters, and affected by climate change

FTT:H2

= A hydrogen supply model that decides upon hydrogen production
technologies

= many demand-side potential uses of hydrogen exist (energy storage, fuel substitute, etc.),
which depends upon developments at the supply-side of hydrogen (can it cope? can it
compete?)

FTT:Waste

= Academia Sinica Taiwan is trying to develop an FTT model for waste treatment
= Could be interesting for research related to circular economies

Lezme Qs
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Upcoming developments - 2

FTT.Chemicals

= The chemicals are aimost exclusively produced using fossil-lbased chemistry
= the chemical sector can therefore not be excluded from fossil cartbon-free scenarios

= many theoretical pathways to produce bulk chemicals (e.g. ammonia, methanol, simple
organic compounds, etc.) from bio-lbased fuel stocks are being investigated

Se3me Loz,
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Combining

—5M

= WIth FTTS




EAME and FTTs

= ESME and FTTs complement each other

= Both models are simulation models meaning
v based on decision making rather than social planning (optimisation)
v imperfect decision making due to lack of information and other barriers
v decision makings can be affected by policies
v learning by doing, costs come down over time and technologies are path dependent

Se3me Loz,
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Natural Resource Constraints

= This database provides natural resources cost-supply curves for each region
= |t also includes a review of non-renewable fossil and nuclear fuels.

= This means ESME-FTT can provide:
= endogenous fossil fuel prices (rebbounds in demand)

= endogenous capacity factors and investment costs according to maximum potentials for
renewables and nuclear

= impacts on oil exporting regions (different extraction costs)

Se3me Loz,
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How do FTT and ESME complement each other?

Carbon
revenue

GENIE Climate

model

Changes in
employment

Emissions

Fuel demand
from other
sectors

Changes in
industrial
output Electricity Crude steel E);]cge:ir:lc;us Demand for
demand demand e cars
Cost of Changes in Changes in
domestic import export
production demand demand
FTT:Power FTT:Steel FTT:Heat FTT:Transport
1 1 1
vV V¥ y Vv V¥ Yy Vv V¥ VVVL
Exogenous, sector-specific policies
(e.g. regulations, subsidies on Mlxtt‘::: rOf Mixture of Mixture of Mixtiire of HDUSEIjOId
capital investment, feed-in-tariffs, g e?l(;ratl o steelmaking residential vehicle types spending
etc.) technologies technologies boilers
@ ./ Consumer
investment 'W
A4
Price of Heat )¢ Demand for
Fieiiae Average fuel

Price of Cars /<
y

_—

transport

efficiency




Feedback from the Energy Sulbb-model

Consumers’ expenditure on
domestic & transportation use fuels and petrol

Input-output coefficients:
energy to commerce and
government

other final use

Fuel use by user

industrial &tfanspoﬂ' use Input_uutput cueﬁicients:
energy to industry

. Input-output coefficients:
n energy to electricity

Price of electricity

fuel use by ESI

Y
F

Prices of fuel use

mix of regulated
and unregulated
electricity prices

Se3me Loz,
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Rebound effects

= A macroeconomic model is required to estimate indirect and induced refbound
effects

v the economic benefits of greater efficiency lead to higher rates of economic activity, meaning
more energy consumption

v some models (both energy and economic ) will also include fossil fuel price feedback effects,
with lower initial demand leading to lower prices and relbounds in consumption

= Estimates for the scale of relbbound effects vary considerably - it is clear that
they depend on sector, location, time period and several other factors

Lezme Qs
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