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A.History

The PRIMES (Price -Induced Market Equilibrium System) energy
system model is a development of the Energy -Economy -
Environment Modelling Laboratory at National Technical University

of Athens in the context of a series of research programmes co -
financed by the European Commission. The model has been
successfully peer reviewed in the framework of the European
Commission in 1997 and in 201 2. The techno -economic
parameters of the PRIMES model were recently reviewed by a

broad range of stakeholders within an ASSET project study. !

From the very beginning, in 1993 -1994, the design ofthe PRIMES
energy model focus ed on market mechanisms and aimed at
explicitly project ing prices , which influenc e the evolution of energy
demand and supply as well as technology progress . The model
structure is  modular . The modules differ by sector in an aim to
represent agent behaviours and their int eractions within the

markets as close as possible to reality . The model design

combine s microeconomic foundation of behaviours  with

engineering and technology details. The mathematical

specification focuses on simul ation of structural changes and long -
term system transitions , rather than short term forecasting

From mid -90s until today , the model is regularly extended and
updated . Numerous studies have been performed us ing PRIMES,

and numerous third party studies h ave used projections produced
using PRIMES. The majority of these studies focused on medium
and long term restructuring of the EU energy system, aiming at

reducing carbon emissions. PRIMES supported analysis for major

energy policy and market issues, including electricity market, gas

supply, renewable energy development, energy efficiency in
demand sectors and numerous technology specific analysis, such

as on CCS, nuclear, etc. The PRIMES model has quantif ied energy
outlook scenarios for  the EU (Trends publications since 1990) , the
| atest being the fARef e inpaciagsessme@nar i o
studies for the EC, including for the Clean Energy Package for all
Europeans, as well as the work for the Mid -century Strategy
(forthcoming end 2018) . PRIMES also supported national
projections for governments, companies and other institutions

including for EURELECTRIC , EUROGAS and many others
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B.General Overview
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PRIMES provides detailed projections of energy demand, supply, prices and
investment to the future, covering the entire energy systemncluding
emissions for eachindividual European country and for Europewide trade of
energy commodities.

The distinctive feature of PRIMES is the combination of behavioural modelling
following a micro-economic foundation with engineering and system aspects,
covering all sectors and markets at &igh level of detail.

PRIMES fouases on prices as a means of balancing demand and supply
simultaneously in several markets for energy and emissions. The model
determines market equilibrium volumes by finding the prices of each energy
form such that the quantity producers find best to suply matches the quantity
consumers wish to use.

Investment is generally endogenous in PRIMES and in all sectors, including
purchasing of equipment and vehicles in demand sectors arfidr building
energy producing plants in supply sectors. The model hates dynamics under
different anticipation assumptions and projects over a longerm horizon
keeping track of technology vintages in all sectors. Technology learning and
economies of scale are fully included and are generally endogenaiespending
on market development.

PRIMESnodel designis suitable for medium and long-term energy system
projections and system restructuring up to 200, in both demand and supply
sides. The model can support impact assessment of specific energy and
environment policies and neasures, applied at Member State or EU level,
including price signals, such as taxation, subsidies, ETS, technology promoting
policies, RES supporting policiesfficiency promoting policies, environmental
policies andtechnologystandards. PRIMES is suffiently detailed to represent
concrete policy measures in various sectors, including market design options
for the EU internal electricity and gas markets. Policy analysdraws on
comparing results of scenarios against a reference projection.

The linked models PRIMES, GEMoo AT A ) ) ! 31 8 ©Q yases and
air quality) perform energy-economy-environment policy analysis in a closed
loop.
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C.Overview of Methodology

*AOEA
I AOET AT 1
EAAAO(4

-1 AOI AO
I OCAT EU/{

1%0 %# x E(
Agbl EAE(

- EAZOAT 11
£l 01 AAOE

#1171 AOOO/
AT Aocu z
AT AOCU F
9 UAOEA |
Al AAAAE]
OAAET T 11
AAT 111 EZ
AAAEOEIT 1

The PRIMES modetomprises severalkub-models (modules), each one
representing the behaviour of a specific (or representative) ageng demander
and/or a supplier of energy. The submodelslink with each other through a
model integration algorithm, which determines equilibrium prices in multiple
markets and equilibrium volumes meets balancing and overall (e.g. emission)
constraints.

Mathematically PRIMES solves an EPEC problem (equilibriypnoblem with
equilibrium constraints) which allows prices to be explicitly determined

The agensd A A E Jafé Bekct@-€pecific. The modelling draws orstructural
microeconomics each demand moduldormulates a representativeagentwho
maximises benefits (profit, utility, etc.) from energy demandand nonenergy
inputs (commodities, production factors) subject to prices, budget and other
constraints. The constraintsrelate to activity, comfort, equipment, technology,
environment or fuel availability. The supply modules formulate stylised
companies aiming at minimising costs (or maximising profits in model variants
focusing on market competition) to meet demandubject toconstraints

related to capacites, fuel availability, environment, system reliability, etc.

PRIMES is a hybrid model in the sense that it captures technology and
engineering detail together with micro and macro interactions and dynamics.
Because PRIMES follows a structural modellingpproach, in contrast with
reduced-form modelling, it integrates technology/engineering details and
constraints in economic modelling of behaviours. Microeconomic foundation is
a distinguishing feature of the PRIMES model and applies to all sectorbe
modelling of decisions draw on economicdut the constraints and possibilities
reflect engineering feasibility and restrictions.

The model thus combines economics with engineering, ensag consistencyin
terms of engineering feasibility, being transparentn terms of system
operation and being able to capture features of individual technologies and
policies influencing their development Nevertheless,PRIMES is more
aggregated than engineering modelsut far more disaggregated than
econometric (or reducedform) models.

The model performs analytical cost estimations and projections by sector both
in demand and supply, as well as for infrastructureSupply-side modules
determine commaodity and infrastructure prices by enduse sector (tariffs) by
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applying various methodologies by sector as appropriate farecovering costs
depending on market conditions and regulation where applicable

Prices influence demand andlemand influences in turn supplyThus, aclosed
loop between demand and supplpolvessimultaneously for all markets.Both
demand and supply modules may be subject to systemide constraints,
mirroring overall targets for example on emissions, renewables, efficiency,
import dependency, etc. The demand and supply modules asabject to
system-wide constraints, which when binding conveynon-zero shadow prices
(dual values)to the demand and supply modulesTherefore, the PRIMES
model has overall a mixeecomplementarity mathematical structure. The
overall convergence algorithm simultaneously determine multi -market
equilibrium while meeting the systemwide constraints.

The agens are a priori price-takers when beingenergy demandes and price-
makers when beingenergy suppliers. Optionally the model can handle non
perfect market competition regimes. The electricity and gas market modules
optionally include explicit companies (or stylised companies) and appliXash
Cournot competition with conjectural variations.

In the demandsub-models,the agent are simultaneously self-producers of
energy services (e.g. using a private car, heating usingesidential boiler, etc.)
and purchasers of marketed energy commaoditiesThe pricing of seHsupplied
energy services is endogenous and flect averagetotal costs. The mix of lf-
supply and the purchasing from external suppliers (e.g. private cars versus
public transportation, residential boiler versus district heating) derives from
ACAT 060 1 POEIi EOAOQEIT T 8

Pricing and costinginclude taxes,subsidies,levies and chargescongestion
fees, tariffs for use of infrastructure etcUsually these instruments are
exogenous to the model and reflegbolicy assumptions. The model handles
endogenously cap and trade policies and policies reflecting oghtions. The
cap and trade policies (for example trading of emission allowances, green
certificates and white certificates) involveissuance of certificates (or permits)
and trading rules. The model projects certificate prices of equilibrium as result
of smultaneous equilibrium of all markets. The model represent obligations,
such as renewables or energy efficiency targets, as constraints. The model
estimates theshadow prices associated tesuchconstraints, and includes them
in demand and supplysub-models where appropriate

Some cost components are subjective reflecting uncertainty and perception
about performance and cost of advanced, not yet mature, technologies.
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PRIMES follows a descriptive approach concerning factors which influence
decisions by private entities where perceived costs and uncertainty factors
play a significant role. Policy measures can reduce uncertainty and decrease
perceived costs: such a mechasm in the model is often used to simulate
policy inducing higher uptake of advanced technology or investment enabling
accelerated energy efficiency progress.

The PRIMES model is fully dynamic and has options regarding future
anticipation by agents indedsion-making. Usually, PRIMES assumes perfect
foresight over a short time horizon for demand sectors and perfect foresight
over long time horizon for supply sectors. The sulmodels solve over the

entire projection period in each cycle of interaction betwea demand and
supply and so market equilibrium is dynamic and not static. Other options are
available allowing the model user to specify shorter time horizons for
foresight.

All economic decisions of the agents are dynamic and concern both operation
of exiging equipment and investment in new equipment, both when
equipment is using energy and when it is producing energy.

Capital formation derives from economically driven investment and followsa
dynamic accountingof equipment technology vintages: equipment invested on
a specific date inherit the technicaleconomic characteristics of the technology
vintage corresponding to that dae. Capital turnover is dynamic andhe model
keeps track of capital vintages and their specific technical characteristics. The

equipment to cover new needs, or retrofitting existing equipment or even for
replacing prematurely old equipment for economic reasons.

All formulations of agent behaviours consider technologiesyhich are either
existing at presentor expected to become available in the future. The
technology selection decisions depend on technic&conomic claracteristics
of these technologies, which change over time either autonomously
(exogenous) or because of the technologselection decisions (learning and
scale effects)Perceived costs associated to technologies may change in
synchronised manner with tedinology uptake and learning.

The outcomes of decisions by sector generally depend on availability of
infrastructure and the usage tariffsThe model projectsinfrastructure tariffs
for cost recovering using regulated discount ratesAvailability of
infrastructure influences technology uptake where applicable.
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Investment in network infrastructure is exogenous to the model but it can vary
by scenario. It includes electricity grids, smart systems, gas infrastructur€Q
transportation and storage, refuellingand recharging infrastructure in
transport sector.

The agensd E 1 O Add énkrdyiproduction, the purchasing of durable goods
by consumersand the energy saving expenditures buildings and houses are
simulated as capitalbudgeting decisions for new mvestment, possible
premature scrapping of old equipment or for retrofitting old equipment.
Retrofitting depends on specific costs and scrapping depends on maintenance
and variablecosts, whichincrease over time because of ageindnvestment

and scrapping decisions are included in accounting for thdynamics of

capacity stocks in all submodels.

The capital budgeting decisions refer to choices with different distributions of
fixed and variable costs over timeThe choicesdepend onannuity payments
for investment expenditures, which in turndepend oninterest rates, whichare
specific to each agent (sector).

PRIMES follows a descriptive approach to the modelling of interest rates based
on the opportunity cost of drawing funds from individuals or private

companies. Interest rates are calculatebased on the concept of WACC
(weighted average cost of capital), which involve a basic riskee interest rate
applied on equity capital, a bank lending interest rate applied on the part of
capital borrowed and a risk premium. All rates are net of inflation.

Theinterest rates applied on equity capitl reflect agentspecific subjective
rates and are sector-specific. Risk premiums applywith two components: one
specific to each sector and one specific to the candidate technology. For the
latter the model considersthat innovative technologies that maynot be
sufficiently mature or that may not dispose a sufficiently broad maintenance
service supportare more risky than market-established technologies.

Different scenarios quantified using PRIMES may imply different distributions
of costs over time. To compare them and to aggregate systerwide costs over
time a present value methodappliesas a calculation external to PRIMEShe
comparison of performance acrosscenarios uses aggregation of costs over
time, which by default uses asocial discount rate This rate differs in nature
from the interest rates used by sector to annualise investment expenditures
and to compare choices from a private investor perspectiv&he sector
specific interest rates reflect opportunity costs of raising funds by private
entities and the social discount rate reflects opportunity costs of raising funds
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by the public sector.The discount rates are exogenous and camry by
scenario.

For eachsector, representative agens optimise an economic objective
function: utility maximisation for households and passenger transport and cost
minimisation for industrial, tertiary and freight transport sector s.

To optimise,the modelfirstly considers useful energy demand end-use
energy services)and then a nesting of further decisionsAt the upper level of
the nesting, energy is a production factor or a utility providing factor and
competes with nortenergy inputs. Useful energy, as deriveat upper level,
decomposes intouses and processes (e.g. water heating, motor drives
industrial processes, etg. Useful energy (e.g. air conditioning, lighting, motive
power) fulfils by consuming final energy, whichderives from optimi sation
involving self-supply, purchasing of marketed commodities and investment in
equipment. Each demand model involvesrainternal demand and supply loop
formulated in mixed complementarity mathematical structure. The selsupply
is dynamic over time involvingendogenous choice of equipment (vintages,
technologies and learning), endogenous investment in energy efficiency
(savings), endogenous purchase of associated energy carriers and fuels
(demander is price taker).Mathematics based on discrete choice theory
captures heterogeneity within each representative agenDecisions at each
nesting leveluses relative costs basedmequivalent perceived costreflecting
actual costs, utility (e.g. comfort) and risk premium.

Industrial energy demandmodelling starts from projecting physical output;
the modelfocuseson materials, process flowand efficiencypotential. The
process fows include avariety of stylised industrial processes The model
distinguishes betweenscrap/ recycling processes and basic processirigr iron
and steel, aluminium, copper, glass and cement (own production of clinker
versus import of clinker). The processflows recycle industrial by-products
such asblack liquor, blast furnace gasetc Energy saving possibilitiedlepend
on capital turnover, which his dynamic and endogenous. The possibilities are
specific to the current and future technologies, which arewailable for each
type of industrial process.The modelincludespossibility of shifts towards
more efficient process technologiesand horizontal processing measures
Interaction with Power and Steam submodel for industrial CHP and boilers
performs through the modeltintegrating module. Substitutions are possible
between processes, energy forms, technologies and eggrsavings.

For residential and tertiary sectors,multiple substitutions are possible. Useful
energy demand depends on behavioural characteristics partly influenced by
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costs and prices. The model includes a distinction of households types
according to enegy consumption, it further distinguishes agriculture and
serviceswhich are broken down by subsector (e.g. market services, trade);
electric appliances are treated separately in all sectors. Final energy demand
depends onthermal integrity of buildings, with consideration of renovation
investment (several categories)and vintages. The model includes heat pumps
and direct use of RES.

Demandrelated decisions at all levelglepend ona large variety of policies
which are explicitly represented.

PRIMES is very detailed in energy supply sumodels aiming at representing
system operation aspects, related to interoperability between production units
and transportation infrastructure over networks and other means including
storage, and reliable delivey of energy to time-varying demand when storage
is limited, such as for electricity, gas and distributed heat/steam.

Load curves (chronological covering typical timeperiods by year) for each
carrier (electricity, gas, distributed heat/steam) with time-varying demand
derive in the model in a bottom up manner depending on the load profiles of
individual end-uses of energy. Smart metering and other load and demand
management measures are included aiming at influencing demand variability.

In the simulation of electricity system operation PRIMES takes into account the
intermittency features of renewable sourcesAlthough it represents renewable
sources in a deterministic mannerthe model capturesbalancing, flexibility

and reservepower requirements.

PRIMESnodels in detail trade of electricity and gas across countries deriving
from simulation of Europe-wide interconnected systems including full
modelling details by individual country.

PRIMES synchronises demand variability between electricity and distribed
heat/steam and captures operation of cogeneratiomnits, which produce both
electricity and heat depending on both markets.

The simulation of power and heat/steam marketsincludes competition
between plants for different purposes (pure electric, CHPndustrial boilers),
takes into account networks in power and steam/heat markets and represnts
plant economics by scale and aim, distinguishing between utilities, industries
and highly distributed generation. SeHlproduction (by industries or
individuals) is an endogenous possibilityamong the options and has distinct
plant economics and dependncy on grids.

E2Modelling
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PRIMES represents competing storage technologies and simulates their
operation in the supply systems. Investment in storage is endogenous driven
by economics.

PRIMES includes albther fuel supply sectors, including extraction, imports,
briquetting, liquefaction/gasification, bio-energy conversion synthetic gas,
hydrogen and refineries.PRIMES generally involves notinear formulations:

1 Useful energy demand involves saturation levels and uses ndinear
formulas

1 The energy demand models fanulate nested budgeting and involve
non-linear indifference and isocost curves

1 Models of discrete technology choices are nelmear (e.g. using Weibull
or logit functions)

1 Economics of scale and learningpy-doing are norntlinear by nature

1 Costs related to ptentials of resources (e.g. renewables) or to
possibilities of energy savings (e.g. energy efficiency measures) are
represented as nonlinear cost-quantity functions

1 In power system optimisation nonlinear cost-curves represent fuel
supply, renewable potentials and limitations on development of new
power plant sites, where applicable (e.g. nuclear plant sites, wind sites,
etc.)

1 Similarly storage potential including for CO2 storage involve notinear
cost curves

9 Cost of infrastructure depends on featuresuch as integration of RES,
high distribution etc. in a nontlinear manner.

PRIMES Modelling Scheme

Demand = function of Price
Through fairly complex energy demand projection models by sector
Supply = Demand
Through complex energy supply models with system operation and
network details
Price = function of Supply
Through a finance and pricing model which reflects costs, market
competition regime and regulation
System-wide targets
They influence all sub-models which see shadow prices associated to
targets
Iteration on Prices and shadow prices until reaching equilibrium
Iterations follow a Gauss-Seidel algorithm
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PRIMES 2018

Exogenous

1 Economic Activity

I World energy prices

9 Technology parameters

1 Policies and measures

Sequence of model interactions

1 Agents (representative household, industry per sector, services, power
generation, etc.) act individually optimizing their profit or welfare, influenced
by habits, comfort, risk, technology system reliability, etc. using individual
(private) discount rates for capital-budgeting choices

9 Accordingly they determine energy flows, investment and choice of explicit
technologies in vintages

1 Demand and supply of energy commodities interaatith each other over a
market with assumedcompetition regime

1 Simultaneous energyand emissions or certificate)markets are cleared to
determine prices that balance demand and supply

1 Commoditytariffs reflect costs and apply a RamseBoiteux methodologyto
recover fixed costs and determine a distribution of tariffs across sectors

9 Market equilibrium spansover the entire time horizon with investment being
endogenous

9 Overall or sectoiial restrictions apply, for example on carbon dioxide

emissionsor for other targets

Mathematically, the model solves as a concatenation of mixecbmplementarity

problems with equilibrium conditions and overall constraints (e.g. carbon constraint

wit h associated shadow carbon value}his is an EPEC problem.

Foresight EO AOEI O EIT Omadkingheprdderttedns, depeAdin@dni 1

lifetime of equipment with market equilibrium being intertemporal.

Explicit technologies are includedin all demand and supply sectors

1

1
1
1

PagelO

Technology dynamics
Vintages
Penetration of new technologies

Inertia from past capital stocksandin future from capital turnover
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Stylized Mathematical Description
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1 Consumers get utility using energy and nomnergy goods and series, including energy
efficiency as a means of meeting useful energy demand.

1 Producers of energy carriers such as electricity, gas, distributed heat or hydrogen mix
through optimization fossil fuels and clean energy forms (e.g. renewables, nuclear or
carbon capture and storage) to produce the amounts demanded by consumers.

1 They set prices of energy carrierso reflect total production costs. Consumers are price
takers but price-elastic.

1 The primary energy sources, which are the fossil fuels, the clean energy forms used by
consumers and those used by energy carrier producerase prices depending orcost
supply curves with a positive slope and exhaustible potential.

The consumers of primay energy forms are assumegbrice takers.
Demand and supplybehavioursare balanced in simultaneously clearing markets at
primary, carrier and final energy levels

1 Overall and sectoral policy constraints may apply, e.g. regulations, emission targets,
renewable targets, energy efficiency targets

1 The consumers and producers see the constraints through their associated shadow values
(e.g. marginal costs) which are found different from zero if they are binding at equilibrium

91 All decisions also involve capal budgeting choices, hence determine investment using
technologies with features changing over time (vintages); capital stock is dynamically
updated exerting capacity constraints on flows

I Thus, decisions depend on anticipation about future evolution; thenodel applies perfect
or partial foresight.

D.1. Stylized Model

Consumers(problem (1)) maximize utility (*Y) under budget constraint { is given
disposable income)and choose the mix of final energy’QQ the energy bundle)

further split in fossil fuels (O"OQenergy carriers {O § and clean energy forms ¢ "OQ

and nonrenergy inputs 0 Q. Consumers perceive emission costs depending on a

shadow carbon price ( Jj} termed as carbon value, which is the dual variable of an

emission cap (4), butthey do not actually incur carbon payments (this corresponds to

the concept of carbon value, as opposed to carbon pric&nergy carrier producers

(problem (2)) minimize production costs (@) to meet given demand'Q g increased by
distribution losses (¢¢ idenotes the rate of losses)They mixfossil fuels (OO )and
clean energy forms § ‘O)through a production function. They price energy carriers
(3) so as to recover fixed and variable costs also depending on market competition
regime; tariff setting is denoted by function= , depending on production costsd) and

volume of demand O §; this function is a complex financial suemodel in PRIMES
Tariffs may(optionally) include passing through of carbon costs to consumer prices,

depending on carbon price @ jiwhich is the dual variable of (4), if producers are
assumed to incur carbon payments (e.g. ETS). Total emissions, depend on unit
emissions Q HQ  of fossil fuel consumption and have to be lower than a given

E2Modelling
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cap (@ ¢)ryPolicy may impose a systerwide clean energy obligation (e.g. RES
obligation) expressed by (5) as share of gross final energy consumption {Qs$ the
target andi U is the shadow price of the constraint, called RES valu€onstraint (6)
introduces an energy saving (or efficiency) obligation, restricting final energy
consumption by a given upper boundi( &)pshadow price to this constraint iSQ 0
called efficiency value.

In the formulation, & is the utility function, _ is a production function. Their structure
define the substitution possibilities between fossil fuels, energy carriers and clean
AT AOcu &£ O0i 6 AO @it bekngd plo@uctidriddionimAidydsdil
fuels and clean energy forms to produce energy carriers ands denotethe
cost-quantity curves for fossil fuels addressed to consumers and energy carrier
producers, respectively s ands are the costquantity curves of clean energy
forms used at consumer and producer levels respectivelpll these functions are in
PRIMES complex submodelsand not analytical functions similarly the pricing/tariff
equation is a complex submodel. The costquantity curves (representing costsupply
locus of a resourcerpply in all demand and supply models to represent nciinear
resource constraints and priceresponsiveness in relation to potentials. The concept
of resource cost curves apply on all possible potentials inclirtg energy efficiency,
RES, technology progress, storage, fuel supply, €ibe formulation below shows the
complexsub-models assimple functions for illustration purposes.
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We firstly transform the optimisation problems (1) and (2) into equivalent mixed-
complementarity problems, to solvethe EPEC problemWe take thederivatives of
Lagrange functions assuming that both demanders and suppliers see shadow prices
associated to systemwide constraints and that demanders are price teers. The

transformed problem is as follows(_ is the marginal utility of income and_ is the
marginal cost of energy carrier production)

E2Modelling
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The system of complementarity conditions (6) to (17) is representative of the entire
PRIMES model.

D.2.Using PRIMES to meet policy targets: illustration

Assuming usual convexity conditions for problems (1) and (2), the consumers exhaust
disposable income and producers exactly meet demand. Thus, conditions (10) and
(13) lead toequality and the associated multipliers are strictly positive. As the
systemwide targets (15 to 17) entail increasing costs for being met, maximising
welfare suggests that they are exactly met in equilibrium when the bounds) ¢fi) Qi
andi are sufficiently stringent. It is possible thatsome or even none of the target
constraints bind at equilibrium, in which case the associated shadow prices are zero.
Asall costsupply functions (g ) are monotonically increasingand soconsumers and
producers use allkinds of inputs at equilibrium. In such case, all conditions (6) to @)
are equalities in the optimal solution and the associated unknown variables are
strictly positive. The optimum use of utility enabling inputs (see conditions 6 to 9) is
determined at a level where marginal utility is equal to marginal costs including
marginal impacts on systerawide targets. Similarly, inputs to energy carrier

E2Modelling
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production are determined at a level where marginal productivity equals marginal
costs including impacts on systenwide targets. Thus, meeting the systerrwide
targets implies shifting away from inputs implying largest marginal deviation from
targets.

When policies set stringent targets, the demand forfossil fuels decreass but also
fossil fuel prices tend to decrease(due to the increasing fuel cossupply curve). At the
same timeunit costs of clean resourcesend to increase,since their costsupply curve
indicates thattheir useapproaches maximum potentialand therefore increased
marginal costsoccur. The gradientsof the cost-supply (or costquantity) influence
consumers and producers in their optimising behaviour.

Electricity prices are set through (14)at a level sufficient to recover all costs.
According to (10) the consumers do not pay directly for carbon emissior(sinless
carbon pricing is implemented through cap and trade or via a taxput they do take
into accountshadow carbon prices in the choi@ of input mixcharges on fossil fuels,
through (8), to determine their energy mix. They indirectly incur additional costs and
the purchasing power of income decreases; hence utility level decreaseghen the
emission constraint (15) is binding To compenate for this utility loss, additional
income would be necessitated, whicleorrespond tovaluation of disutility costs.
Similarly, consumers and producers are incited to meet the renewablesd/or the
efficiency obligation as the renewablesand efficiencyvalues influencetheir

optimising behaviour in (6), (7), (8) for consumersandin (12) for producers. When
constraints (16) and (17) are binding, the renewable and efficiency values are non
zero (positive) and the input mix is influenced both for consumersnd producers, and
so indirectly costs increase.

When thepolicy constraints entail lower marginal costs in production of energy
carriers than in final consumption, then the consumers will tend to use more energy
carriers to the detriment of fossil fuels This holds true if the change in energy carrier
price () ) driven by carbon price is lower than the increase of marginal cost of clean
energy forms ¢ ) used directly by final consumersAn example isgrowing
electrification of demand.

Energy effciency improvement is reflectedalsothrough substitution between the
energy bundle and thenon-energyinput to utility ; example are more efficient use of
materials, change in habits, use of materials and equipment to increase efficiency of
building structures and factories and more efficiency in mobilityIf substitution to
non-energy is less costly than substitution within the energy bundle at the final
energy demand level, then energy savings dominate and so the decarbonisation
possibilities in energy carier production are of less importance. Conversely, if
substitution within the energy bundle is flexible enough and if emission reduction in
energy carrier production s flexible, then the energy carrier gets a higher share in
final energy demand and help achieving lower emissions. Such a case occurs mostly
when time lags are sufficient to allow for renewing the capital stock in energy carrier
production; in the short term the impossibility to renew the capital stock imply low
adaptation flexibility in energy carrier production. The absence of flexibility in the
substitution between energy andnon-energy at final demand level may lead to very
high compliance costs, as employing only substitutions within the final energy bundle
and within energy carrier production may imply high use of clean resources entailing
high nonlinear costs.

E2Modelling

conomy Eavironmeat

Pagel4d



PRIMES 2018

Guneay
SH3IANVYIW3ad ‘1S pue SH3rNddNs ANV S43aNVIW3d
. IATRITRES
dy=a | (di=q o
(1enLIs) (1EmLLIs) puewaq
fuo198)3 Jo) puBWE(
TVIL Buneay o .
fuanoalg /
40 s83lld Ayaunas|s |enus o)
\\v se|es 28310} =" g
s|sny Jo 5an) 1o} a|es 28| 1o} g).B="d Buneay "nsip Mﬁnnwmn_mh_ﬂﬁmaw%m_m
583U puewa(] soueul4 Ayoigoe|g B 9212 Jo 20ud
uonesiwndo 4N
/ A\ Kienas)
e Aienis) pue ‘poudoyne
: 10} i [ELRSNpUl “s=lin
usBoupfH _ qEmSUSY u:mhmﬁ algnd Wwesis pue
f1a8)8 10) s1aanpod ¢
|EDD) _ _m:._tn__m_ SSEWY wea)s g
! s3es g ol Fn="g | .
-0 S3aAlNg Aladns - 1500 s|any 9318 Jo 3oud
o
N ﬂwau uonesiwnido 4N s3|ES "28|a Jo) =g
[2poW-qQns SJuUBUly pue RoLnos|3-wesls Usj woy WIS ‘D13 40
[SpOLW SES) [EINEN saoud uewsap Joy {"dii=g
pub wol WS 273 Joj
puewsp 1oy ((d="ng
[3POW-GnS SaUELY puE fuouiaa)s o) puewa(]

[pow 4N sasuauyay

S43ddns

WES)S 10} PUBLLS(]

-4—SI2n} 104 puewaq

N

"sjwndo 4N
Ansnpu

einj}onig sinpoly bulelbsiu] S3NIYd

—

ing

Modellin

Pagel5



PRIMES 2018

*0}e ‘'seold uoque) ‘ebeio)s pue podsuel) uogle) ‘@wayos Bulpes | uoissiwg

youelq ABiaug ayy ulyym pabueyoxa sanpowwod ABisua jo sadld pue Ajddng ‘puewaq
AN AN AN A A A ’
W 4
sanIngd uoioelIX3
fiddng Alddng Alddng [Spon Alddng spodxg/spodu)
100 Sy uabolpAH sseuwiolg Alddng seg spljog sallauley
\s/ - | 7N - /
ol &<z slle |lg)s |3 (s
a1l | [S2 e (282_(|2||Z [|8]||&8 ||35] Qu
- [ 25 - e [, o — -
S Sllgallzgllgs]l €3|[Z||Lull2]||22| |28 258
- ° <9 st |[|[To|l -e s =R ) T 5 sS| T3
m o S5 = m.m, || §5 ||~ s =] Ea|l |®Q| s8
5 - E ||9|]5 g1]o = §*
NV Bl 4 VLS /s\ © NS N -

s)}so) pue
Sa8dlid 20D

a

Jeaq/weals
painqu)siqg pue
SI8|10q A)211399]3 30 seoud
[euisnpul
L5 PueBd4HO
‘Bunesy JeaH/Wweals
ousIig painquisiq
‘ANo1109|3 pue Ayo1309|3
10} puewaq

s19|10q
pue 445 wouj uononpoud
Wwea)s 10} sjan4 '[ox8
puewaq ABiau3 jeusnpuj

| puewsaq ABisu3 podsuels|

puewaq Abiau3g
alnynouby pue Aleius|

ABiau3 |enuapisay

suolssiwg 209D

/

(]opow 21wouos2042eW $I-NTO 0} payul|

pue snouaboxa) salydeibowaq ‘awoosu] ,spjoyasnoH “10j29s Aq AJAIOY d1WOU0IT ‘ddD

(1opow ABisua pjiom 03 payui| pue shouaboxa) saoslud ABiaug plaopn

.

Pagel6




PRIMES 2018

E.Policy focus
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PRIMES includes a rich representation of policy instruments and measures.
Based on long experience with using PRIMES in major policy analysis and
impact assessment studies of the European Commission, national governments
and industrial institutions, detailed mechanisms have been built in the model
to represent a large variety of policy measures and regulationScenario
construction assumptions about theinclusion of policies can be made in close
collaboration with the authority getting the modelling service because the
modelling detail is high allowing for mirroring policies close to reality.

The policy instruments classified ingroups are as follows:

4 A O Cthe$ ¢an, be directly included in the model at various level, by sector,
by country, and EUwide; they may concern emissions, renewables, energy
efficiency, security of supply, fossil fuel independence, and others.
Performance against targetslerives from projection data. The PRIMES
reporting facility includes calculation of indicators according toregulations
(e.g. RES shares).

0OHMOA ADBOET ¢ Pi 1l EAEAO(

i Taxation isexogenousand follows the level ofdetail of regulations, being
specific forfuels, sectors and countries. The data draw from theEU taxation
directives. Additional information determine values forsubsidies and other
forms of state supports.

1 Cap and trade mechanisms and tradable certificate systems, including
Emission Trading Scheme, green and white certificates; the model
represents a variety of regimes and regulations, includg grandfathering
and auctioning with different regulations by sector, and can handle floor
and cap prices as well as various assumptions about allowances and their
composition. Trade of certificates or allowances can be handled over the
EU or by country ©r other grouping of countries) and also over time
including consideration of influence of foresight and riskrelated
behaviours

1 Feedin tariffs and other renewable support schemes: treated in great
detail in PRIMES including historical data and projectionf consequences
over time; inclusion of possible budget constraints and modelling of
individual project developments on RES based on projetiased financing
depending on support schemes totally or partially and the eventual
involvement of the RES projecin the market.

E2Modelling
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1 Institutional mechanisms and regulations that may induce lower interest rates
and lower perception of risks by individual investors; largely applied for
modelling energy efficiency policies and other policies addressed to numerous
individual s.
91 Contract for differences and purchasing agreements backed by the state aiming at
securing return on investment
Regulations and policies that address market failures and/or enable tapping on
positive externalities (e.g. technology progress) which induce reduction of cost

#1 1 AET AO
DI 1 EAEAO

- AOKROG A
ET 60006 /
AA AT T AE q
xEOE A&

AT T 1T AT A elements (technology costs) and improve perceptioby consumers leading to
AT 16011 lower subjective cost components.
i AAOOOAC

2ACOI AGETT O 11 OOATAKDGAIAID Gy explicifin tie
model and depending on specification they are showing to eliminate certain

#AD AT A . o . U
T technologies or options in the menu in technology choices in various sectors modelled

AA OOk £E

OUOOAIT O 1 Ecodesign standards in detail
I T AAT 1T A/ 9 BestAvailable Technology regulations
AAOAEI /1 Emission standard or efficiency standards on vehicles and other transport means
OAOET &O { Large combustion plant directives
AAT AR i 9 Emission performance standards
1 Energy performance standards
q07 1 EAEAC 1 Reliability and reserve standards (power and gas sectors)
ET AEOAAC T Policies regarding permitting power plant technologies at national levefpr

example regardingnuclear, CCS etc., including constraingpplicable tonew site

I'T OEOE S - :

DAOAADOE development or expansion in existing sites. Also, policies regarding possibility of

C T T T T extension oflifetime of power plants (e.g.. huclear) and retrofitting (e.g. to comply

A f‘ O |~ 9 O[‘ with emission regulation)

EI AOAEI ( R e

OAAETT11 )1 AOAGCOOOAMIGO AA ARG DI 1E ABRvdricusectorscan varyin scenario

- R . assumptions and influence possibilities of technologgeployment and systemcosts

POI COAOC prons © P ggleploy y

. Coverage for infrastructure:

OPOAEA

1 Power interconnectors among countries, including expansion to remote areas for

7&1T AOGO 11 RES development purposes, and different options about management and

ET £FOAOODC allocation of capacities

AAOAT 1 i 1 Powergrids and smart systems within countries, which are not spatially

Al A EOO represented but only through reducedform cost-possibility curves in which

T parameters mirror development plans with influences on future technology

ET &£ OAT / : o . :

s development (for RES, highly distributed generation, metering, demand respse,

OAAETCUI etc.)

_"_3 1 O O '% A |§ |‘ 1 Gas transport, LNG, storage and liquefaction infrastructure

' O0OO0O/ g Refuellingand recharging infrastructurein all transport modes

1 CQ transport and storage infrastructure

Eacegy Economy Eaviioamenl
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PRIMES 2018

1 Transport infrastructure parameters influence mobility and modal shifts but
modelling does not include spatial information (limited to urban, semturban and
inter-urban)

1 Hydrogen transport and distribution infrastructure (reduced form spatial
modelling)

1 Heatsteam district heating infrastructure (no spatial modelling)

%l AAT ET Cdireet’palicies asmeéntioned above or other policies (e.g. R&D)
combined together may induce effects on technology costs or on perceived costs and
OEOE £EAAOIT méhaviobrstiiu endblihg¥as®rintake of advanced or

cleaner technologies thus making possible sttural changes to happen in various
sectors. Examples are ambitious renovations of buildings and houses, electrification in
transport, development of alternative fuels, supply of new generation bienergy
commodities, etc.The assumptions about enabling g6ngs mainly influence

perception of costs, technology uptake antechnology progress.

%4 rharket simulation is explicit in PRIMESHowever, the projections based on

PRIMESare compatible with the 5-year time resolution of the modeland themodel

algorithm only approximates the arbitration of allowances holders over time

Nonetheless, PRIMES can handleO IZDFOCA O AT A1 UOEOh &1 O A@/
%4 3 h2eh Bh 2 %3 AT A  Wherk thedim is\tordetermife’optimal h

distribution o f achievements (targets) by sector and by country. PRIMES has

successfully provides resultdor that purpose in the preparation of the 2020 Energy

and Climate Policy Package (2062008) and recently for the 2030 Policy Analysis

(2013).

Detailed reporting and expost calculations: to supportE | PAAO AOOAOOI AT
PRIMES provides detailed reports of scenario projection¥he reports calculatecost
indicators (with various levels of detail distinguishing between cost components and
sectors), as well as fomumerous other policy-relevant indicators. Topics covered
include environment, security of supply and externalities (e.g. noise and accidents in
transport) . Thus, the modelprovide elements and projections to supportcost-benefit
analysis studieswhich are the essential components of impact assessments. When
PRIMESinks with the macroeconomic modelGEME3,the coverage of projection data
for the purposes of costbenefit evaluations is more complete and comprehensive.
Similarly, linkages with GAINS (fromlIASA) provide wider coverage of cosbenefit
projections regarding atmospheric pollution, health effects, etc.

E2Modelling
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F.Typical Input s and Outputs of PRIMES
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GDP and economic growth per sector (many sectors)

World energy supply outlookz world prices of fossil fuels

Taxes and subsidies

Interest rates, risk premiums, etc.

Environmental policies and constraints

Technical and economic characteristics of future energy technologies
Energy consumption habits, parameters about comfort, rational use of
energyand savings, energy efficiency potential

Parameters of supply curves for primary energy, potential of sites for
new plants especially regarding power generation sites, renewables
potential per source type, etc.

Detailed energy balances (EUROQBT format)

Detailed demand projections by sector including endise services,
equipment and energy savings

Detailed balance for electricity and steam/heatincluding generation by
power plants, storage and system operation

Production of fuels (conventionaland new, including biomass
feedstock)

Investment in all sectors, demand and supply, technology
developments, vintages

Transport activity, modes/means and vehicles

Association of energy use and activities

Energy costs, prices and investment expenses percser and overall
CQ Emissions from energy combustion and industrial processes
Emissions of atmospheric pollutants

Policy Assessment Indicators (e.g. import dependence ratio, RES ratios,
CHP ratios, efficiency indices, etc.)

38 European countries (individual projections)

2010 7 2070 by 5-years steps

Trade of electricity, gas and other fuels between the European countries
and with the rest of the World

E2Modelling
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G Comparison to other models

The distinctive feature of PRIMES is the combination of micreconomic
foundations with engineering at ahigh level of detail, compatible with a long
term time scale and sectoral detail of available statistics for Europe

Designed to providelong-term energy system projections and system
restructuring up to 2050, in both the demand and thesupply sides. Projections
include detailed energy balances, structure of demand by sector, structure of
power system and other fuel supplies, investment and technology ugke,
costs per sector, overall costs, consumer prices and certificate prices (incl.
ETS) if applicable, emissions, overall system costs and investment.

Impact assessment of specific energy and environment policies, applied at
Member State or EU level, inadding price signals, such as taxation, subsidies,
ETS, technology promoting policies, RES supporting policies, efficiency
promoting policies, environmental policies

The linked model system PRIMES, GE¥c AT A ) ) ! 31 6§ @02 ! ) .
gases and air quality perform energy-economy-environment policy analysis in
a closedloop

No forecasting but scenario projections. PRIMES is not an econometric model.
Cannot perform closedloop energy-economy equilibrium analysis, unless
linked with a macroeconomic model such as GEHES3.

PRIMES has more limited resolution than engineering electricity, refinery and
gas models dedicated to simulating system operation in detailthough rich in
sectoral disaggregation, PRIMERas limitations due tothe concept of
representative consumer per sectoras it does notfully capture the
heterogeneity of consumer types and sizes.

PRIMES lacks spatial information and representation (at a level below that of
countries) and soit does not fully capture issues aboutetail infrastructure for
fuels and electricity distribution, exceptfor electricity and gas flows over a
country-to-country based grid infrastructure, which iswell represented inthe
model

PRIMES is an empirical numerical model with emphasis on sectowahd
country specific detail; it has a very large size and so some compromises were
necessary to limit conputer time at reasonable levels

PRIMES differ from overall optimization energy models, qualified by some as
bottom-up approaches, as for example MARKATIMES, EFOM. Such models

E2Modelling
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formulate a single, overall mathematical programming problem, do not include
explicit energy price formation and have no or simple aggregate
representation of energy demand. PRIMES formulates separate objective
functions per eneggy agent, simulates in detail the formation of energy prices
and represents in detail energy demand, as well as energy supply.

PRIMES differ from econometrigype energy models, such as POLES, MIDAS

AT A OEA ) %! 80 71 Ol A %l A OCctédforin dglatiahs 4 E A
that relate in a direct way explanatory variables (such as prices, GDP etc.) on
energy demand and supply. These models have weak representations of useful
energy demand formation. They are usually poor in representing in detalil

capital vintages and technology deployment in energy supply sectors and lack
engineering evidence, as for example the operation of interconnected grids and
detailed dispatching.

PRIMES is a partial equilibrium model as opposed to general equilibrium
models, such a GEME3.

Obviously,PRIMES differs substantially from accountingype models, which
usually focus on specific sectors, such as MEDEE, MAEDS (on energy demand),
GREENX (renewables), BIOTRANS (biofuels), etc.

The distinguishing feature of PRIMES is the repsentation of each sector
separately by following microeconomic foundations of energy demand or
supply behaviour and the representation of market clearing through energy
prices. Similar models developed in the USA, incladPIES, IFFS and mainly the
NEMSmodel, whichis currently the main model ofUSA DOE/EIA.

These models are qualified as generalized equilibrium models because they
formulate the behavioural conditions for economic agents and combine a
variety of mathematical formulations in the submodels, represent different
market clearing regimes. These models are also qualified as hybrid models
because they combine engineeringrientation with economic market-driven
representations.
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H. Overview of PRIMES model resolution

2 %' ) /ThePRIMES model isperational for all EUZ28 individual member-statesandfor the Western
Balkans countries(Albania, Bosna-Herzegovina, FYR of Macedoni&gerbia, Kosovoand
Montenegro), the EFTA countries (Switzerland, Norwaylceland and Turkey. It
projects also the flows of electricity and gas among atlountries. Asimple version of
the modelruns ondata for 11 North African and Middle East countries.

&5 %, 4 PRIMESdprojects energy demand and supply balances distinctly f@5 energy
commodities and forms. The list is:

9 coal, lignite, coke, peat and other solid fuels
9 crude-oil, feedstock oil, residual fuel oil, diesel oil, liquefied petroleum gas,
kerosene, gasoline, naphtha, other oil productbio-fuels (several types)
1 natural and derived gasses (blast furnace, coke oven and gas works, as week as oil
and solids gasification outputs)
1 thermal solar (active, high enthalpy and low enthalpy), geothermal low and high
enthalpy;

steam/heat (industrial and distributed heat);

electricity, nuclear energy

biomass and waste (5 bieenergy types and several feedstock types)

solar PV electricity, solar thermal electricity, wind onshore, wind offshore, hydro

lakes, hydro run of river, tidal and wave energy
1 Hydrogen, efuels (synthetic gas and liquids)

The model projects volumes and prices by fuel type and by sector.

2 %3 ) $ %.THe)residedtial sectorincludes 54 building types by age, location, and building typ&he
model includes 29 space heating and cooling equipment typesjater heating and
cooking. The electric appliancegseveral categories)for non-heating purposesreflect
technology vintage dynamics, ecalesign regulations and follow stockflow relations.
There is no distinction between rented and owned dwelling.

3 %2 6 )O# %3 2 ) # 5Theérmodeldistinguishes betweertwo commercial sectors and one public
sector, further split into 8 subsectors. At the level of each suisector, the model
calculates energy services (useful energy), which are further subdivided in energy uses
(several types)defined according to the pattern of technologyService buildings are
also categorised by agelhe model ircludes in total more than 30 enduse technology
types.

) . $ 5 3 Bheiadystrial model formulates10 industrial sectors separatelyand 31 subsectors namely
iron and steel,nonferrous (several sectors) chemicalssubdivided in basic chemicals,
petrochemicals, fertilizers, cosmetics/pharmaceuticals nonrmetallic minerals
subdivided in cement, ceramics, glass and other building materiglpaper and pulp
subdivided in pulp, paper and printing food drink tobacco, enmeering, textiles, other
industries and non-energy uses of energy products For each sector different sub
processesare defined (in total about30 sub-sectors, includingfocus on materials and
on recycling; sectors are subdivided in suksectors based on Wether processing is
based on primary or scrap feedstock At the level of each suisector a number of
different energy uses are representedtfie model includesin total about 235 types of
energy process technologies).

4 21 . 3 0Thetdadsport sector distinguishes passenger transport and goods transport as separate
sectors. They are further subdivided in suksectors according to the transportmode

=A =4 =4 =4
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and mean (public, private, road, rail, maritime air, etc.). At the level of the sukectors,
the model structure defines severalehicle types and categories including distinction
by size by purpose or trip type and by technology type Within modes like road
transport there is a further subdivision, e.g.for road passenger transportationthe
model distinguishes between public road transport metro, other rail, fast trains
motorcycles andmany types ofprivate cars. The model considers severalternative
technologiesand fuelsfor eachtransport mean. The model also projects activity by
typical area (urban, semiurban and inter-urban) and by trip type. In total, the model
includes 15 transport modes, 103 vehicle types for road and neroad transport, 4
stylized geographic areas, distinction between peak and egffeak and 3 freight
categories.

#) 49 10.29 $I4Mery detailgd model including72 different plant types per
country for the existing thermal plant types; 150 different plant types per country for
the new thermal plants; 3 different plant types per country for the existing reservoir
plants; 30 different plant types per country for the intermittent plants. In total the
database includes approx. 13000 power plantsChronological load curves for
electricity and steam/heat distributed, 3 voltage types for the grid,interconnecting
European system in detail(individually for all interconnectors, present and future,
including ENTSOe development plansnetwork capacityand electric characteristicsof
interconnectors. The power/steam model represents three stylised activities with
distinction between utilities, industrial production and highly distributed scale as well
as for selfpower generation. Cogeneration of power and steam (12 generic
technologies), district heating, industrial boilersby sector, and distinction between
plants in industrial sites and merchant CHP.

' 4521 Verydetailgd submodel covering regional supply detail (Europe, Russia, CIS countries

Middle Africa, North Sea, China, India for pipeline gas and global market for LNG).
Detailed representation of gas infrastructure (field production facilities, pipelines, LNG
Terminals, Gas Storage, Ligdigction Plants).

")/ -1 33 \Beb delaile® dubmodel covering supply of biomass and waste energi@scluding a

wide variety of feedstock types and transformation processes into bienergy
commodities including bio-refineries. The model covers several land categories,
resources (crops, forestry, aquatic biomass and wastes) and of more thaB5
transformation processes.Covers lifecycle calculations.

2 %&) . %3imple3od refinery type with typical refinery structure defined at the level of each

country; 5 typical refining units (cracking, reforming etc.)

(9% 2/ ' Detaied hydrogen production and transportation submodel with 18 H2 production

02)-129

technologies, 8 H2 transport/distribution means and several types of H2 using
equipment.

&/ DRY $ 5 & BSyunple Gostz Supply curveslimited by available resources
covering all primary energy extraction activities including conversions to briquetting,
liquefaction and gasification

%- ) 3 39 CQ émissions from energy combustion, processelated in industry, Atmospheric

Pollutants (SQ, NQ, PM, VOC), ETS and n&TS split, and non CO2 GHG abatement
cost curves provided by GAINS (IIASA).
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|. Data Sources and Model Linkages

I.1. Data sources
%5 2/ 3 Bnerdgy®Balance sheets, Energy prices (complemented by other sources, such IEA),

Macroeconomic and sectoral activity data (PRIMES sectors correspond to NAG& @t
classification), Population data and projection, Physical activity data (complemented by @h
sources), CHP surveys, CO2 emission factors (sectoral and reference approaches) and EU ETS
registry for allocating emissions between ETS and non ETS

4%# (.1, /1" 9 $HMURE, ICAREUS,)ODYSEfemand sectors, VGB (power technology costs),
TECHPOIz supply sector technologies, NEMS model database, IPPC BAT Technologies IPTS

/4 ( %2 $ ! 4District Reatidg gurveys, buildings and houses statistics and surveys (various sources)
IDEES, BSO, BPIE,

0/ 7%2 0, ! . 4 9 BSAB SA.and PLATTS
2 %3 0/ 4 %BCN}DLR an@URDbserver

%4 71 2+ ) . & 2'YBNTSOE ENTSOGGIE TEN-T (transport infrastructure)

I.2. Model Linkages
% 26 ¥ Libkage to GEMES to take projections of activity by sector/country and GDP and to send energy

projections to GEME3 in orderto carry out closedloop macroeconomic impact assessment
studies

02/ - %4 ( %5 3 Linkageltd'these@lohal energy models to take projections of world fossil fuel
prices

') Lirkage to GAINS to take marginal abatement cost curves for rR@02 greenhous gases and to

conveyenergy projections to GAINS in order to evaluate impacts on atmospheric pollution

#1 02) h 'Linkagde o senddo these models detailed biomass supply projections in order to evaluate
land use and LULUCF impacts

4 2 - | HlLinkage toa spatial transport flow model to take activity projections for mobility in order to

calibrate a reference projection (PRIMES provides its own activity projection in scenarios)

-/ $%, 3 #! , #/54 %.44 )PRIMEBdses detailed bottorp information on energy efficiency

and renewable potential(databases and models including DLR, GRENand several others)
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J. Stationary Energy Demand Sub-models
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J.1.General Methodology
For eachenergy demandsector a representative decisioamaking agent

operates, who optimizes an economic objective function. For households and
passenger transport the model formulatesa utility maximisation problem. The
model uses grofit maximisation (or cost minimisation) function for

industrial, tertiary and freight transport sectors. The decisioron fuel and
technology mixfollows a nested budget allocation problem.

Firstly useful energy demand (services from energy such as temperature in a
house, lighting, industrial production, etc.)s determined at a level of a sectar

At the upper level of the nesting, energy is a production factor or a utility
providing factor and competes with norenergy inputs.At this level a
macroeconomic econometrically estimated function is used which combines
energy and nonrenergy inputsand considers saturation dynamics. Saturation
depends on income for households and the saturation factor exhibits a sigmoid
curve which indicates income elasticity of energy above one if useful energy at
low levels (less developed countries) and elasticity values\eer than one (and
decreasing) when useful levels are high.

Useful energy, as derivedjecomposes intouses and processes(e.g.space
heating, water heating, motor drives industrial processes, etg. The separation
in uses and processes follows a tree sicture which is formulated
mathematically so as optionally to allow either for complementarity or
substitutable relationships among uses/processes. For example to produce a
certain product, the model activates a certain chain of process flow# this
case they are complementary with each otherHowever, it may be that the
product can equally go through electreprocessing or thermal processing in
which case the processes are substitutable to each oth&or some sectorsthe
model distinguishes between subsectors in order to get a more accurate
representation of the stylised agent. For industrial sectorghe model puts
emphasis on materials and recycling and so it distinguishes between sub
sectors, whichinvolve basic processing (e.g. integrated steelworlclinker in
cement, primary aluminium, etc.) and subsectors which use recycled and
scrap material. The possible substitutions between such subectors is
endogenous, and depend on prices, policy measures, macroeconomic demand
factors and maximum potentid of recycling possibilities, which are captured
through increasing costpotential curves.The choice of &sticity values and
specific functional forms expresgsthe a priori considerations about
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PRIMES 2018

complementarity and substitutability structure among sub
sectors/uses/processesin each final energydemand sector.

Useful energy requirements at the level of suBectors/uses/processes(e.g.
space heatingair conditioning, lighting, motive power, etc) links to
consumption of final energy .

The representative agent in each sector or subector makes choicesamong
fuels, technologies and energy savinge minimize costs in meeting the useful
energy requirements. The formulation includes the possibility of choice
between purchasing readyto-use fuels or energy carriers and selproducing
energy where this is possible. Examples are cogeneration versus district
heating, etc.

The least cost choicés dynamic andinvolvesendogenous choice of equipment
(vintages, technologies and learning), endogenous investment in energy
efficiency (savings), endogenous purchase of associated energy carriers and
fuels (demander is price taker).These are capital bdgeting decisions which
may involve trade-offs between upfront costs and variablerunning costs.
Capital decisions use weighted average cost of capital (WACC) and subjective
discount rates to annualise (levelized) costto compare with variable-running
codgs, whichby definition are annual. The model for all demand sectors
dynamically tracks capital accumulation with endogenous investment, tracking
of vintage characteristics and endogenous premature scrapping.

The aim of the modelling is to mimic decision®y individuals as realistically as
possible. Subjective discount rates and business WACC include risk premium
factors, whichreflect opportunity costs of drawing funds by the private sector.
They also reflect uncertainty, lack of information and probabljimited access
to capital markets. For thisreason,the model relates the individual discount
rates with a policy context, in order to mirror how certain policy instruments
may reduce uncertainties or decrease financing costs in order to make
economic decsions for technologies with high upfront costsTo mimic reality,
the model also includes several nomngineering cost facts which represent
technical uncertainty, risk of high costs of maintenance in case of ngét
mature technologies, easiness of techihmgy application, easiness to comply
with permits and regulations, etc. The terminology used is that the user sees
perceived cost values for technologies and solutions where some of the cost
components can reduce over time as technology becomes commergyall
mature. This is one of thavays for representing endogenous learningby-doing
mechanismsin the model. Thus, decisions at each nesting levalseequivalent
perceived coss to reflect actual costs, utility (e.g. comfort) and uncertainty
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- AET &A A andrisk premiums. The decisionglepend onpolicy measures such as: taxes
and subsidies, promotion of new technologies (reducing perceived costs), and
promotion of energy efficiency,ncluding standards-e.g. C@regulations for
passenger car or regulations on minimum pdormance of lighting, policies

that ease financing, etc

1$AOAEI AA
OADPOAOAT O/
OAOEIT 6O Al
AEEEAEAT Al

At it For industrial energy demand PRIMES follows a formulation that allows for
bl I EAU EI ¢

full integration with macroeconomic production functiors. Sectorial value

added derivedfrom GEME3 projections (general equilibrium macroeconomic
model), link to PRIMESmeasurement of activity inphysical units. Substitutions
between energy and norenergy (capital) inputs is handled at the upper level

of PRIMES gasting and can coordinate with GEM -E3 projections . Alarge
number of industrial processes (e.g. different for scrap or recycling processes
and for basic processing) as well as a mix of technologies and fuelsyering

the use of seHproduced by-products (e.g. black liquor, blast furnace gas)
provides higher resolution of industrial processing in PRIMES than in GEE3.
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Energy savings possibilitiedollow engineeringrepresentations,including the

1$UT AT EA 11 possibilities of shifting towards more efficient process technologies.

I £ OAAET I 1 substitutions are possible between processes, energy forms, technologies and
OOAAEET C ( energy savingsThe adoption of technologieslepends onstandards, emission
AT A ET Al O, constraints, pollution permits andis dynamic keeping track otechnology
AT AT CAT T O« vintages andstock-flow investment. The actual lifetime of existing equipment
is endogenous driven by relative costs.

) 171 OAOOIT AT «
AGEOOET C The industrial model considers explicit ways of producing steam, for example
i OOEAI A 1 using boilers or CHP. The model distinguishes between boiler steam, CHP
OAOADDE] C steam from onsiteplants and distributed CHP steaminteraction with Power
AT AT CATT &¢ and Steam submodel for industrial CHP and boilers isan integral part of the
AAAEGETT 6 model. The choices at industrial scaleonsider steam-driven CHP andCHP

T4 EA AAI AT,
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driven by electricity-market. The modelhas a ditabase on onsite CHRyhich
are cogeneration unitswith no access tsteamdistribution . The official
statistics do not include these onsite plantsA special routine in the PRIMES
databasecombines Eurostat statistics on energy balances and Cld&veys,
isolates in the data the orsite CHPand reconstitute inputs and outputs for
such installations.

PRIMES represents possible substitutions and energy efficiency at various
levels in theresidential and tertiary sectorsand includes special routines for
the building stock and its renovation The model tracks the dynamics of the
building stock, split by categories, and formulates demolishment decision,
construction of new buildings and renovation with distinction of various
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degrees of renovation for energy sang purposes. These decisionderive from
economics andare simultaneous with the nested decisions omiseful energy
demand,fuel mix choice equipment choiceand energy efficiencyinvestment.
Rebound effects stemming from cost savings due to energy efficiency are
present and derivesimultaneously with the rest of decisions. For example
useful energy demand may increasbecauseof high energy efficiency gains.
The decisions related to building alsodepend on behavioural characteristics
and areinfluenced byperceived costs, subjective discount ratesand prices.
Policy measures and instrumentsand standards such as the building codes
influence the decisionsThe modelincludes heat pumps and direct use of
renewables (biomass, solar, geothermal, etc.). The related decisions are
simultaneous with the rest of decisions including thedynamic track of
technology vintages.

Surveys have shown that the substitution possibilities and the energy
efficiency investmentdepend onthe main pattern of space heating method
which is a goof dimension to classify the various behavioural type&or this
purpose, the model includes a distinction ofive dwelling types according to
space heating pattern; one of the categories group partly heated houses.
PRIMESalsodistinguishes agriculture and servicesectors whichare broken
down by sub-sector (e.g. market servicesnon-market services trade); electric
appliancesand lighting are separatelytreated in all sectors.

Thefollowing diagram illustrates the tree decomposition of each energy
demand sectorin sub-sectors, further in processesandin energy uses. A
technology operates at the level of an energy use and utilizes purchased
energy forms (fuels and electricity)or self-produces energy The calculation
starts from activity or income, then it computes useful enagy and then by
using technology equipmentt meets useful energy by converting purchasear
self-produced energy forms(final energy). The mathematical formulation of
the nested decisionssolves as a wholeincluding the leastcost choice of
technologies and fuels and the dynamic investment process

The demand models solve as mixed complementariggroblems, which
concatenate the individual optimization problems written in the form of Kuhn
Tucker conditions.
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Link to Macro-Economy
Su m mary Of Activity and Income Variable
ener I
gy [ I ]
demand Sector - 1 Secto_r -2 ) Sector - 3
. e.g. Iron and Steel e.g. Residential e.g. Passenger transports
modelling | | |
methOdOI()g y Sub-Sector - 1 Sub-Sector - 2

e.g. Central Boiler Dwellings e.g. Electric Heating Dwellings

I
Energy Use -1 Energy Use - 2
e.g. Space Heating e.g. Water Heating
TECHNOLOGY | |
Ordinary
Future

Technologies

The model evaluates consistently the potential of new technologies, by considering simultaneousdyr types

of mechanisms: a) economic optimality, b) dynamics, i.e. constraints from existing capacity, c) gradual market
penetration depending onrelative costs and risk perception, d) endogenous technology learning and
commercial maturity.

The nontlinear optimization per agent (sector)performs dynamically in a time forward direction with

foresight limited to 10 years. In a given period a set of ¢ged values updated dynamically by the singleperiod
optimization results reflect adaptive expectation over 18years. Choices are constrained dynamically by the
existing energyuse equipmentstock, which may change through investment while existing equipent can be
retired based on retirement rates,or by premature replacement decisions. Technology (energy equipment that
converts purchased energy to useful energy) and energy savings equipment (e.g. insulation) is considered to
evolve over time, and is catgorized in vintages (generations) presenting different cost and performance
features.

The upper level functions which project useful energy demand (services provided by using energy or by saving
energy) are of econometric nature and are based on complexrfational forms relating demand with
macroeconomic drivers so as to capture possible saturations, rebound effects and comfort depending on
income growth. The useful energy demand functions are dynamaénd depend on evolution of unit cost of

energy services,which aggregate cost®f equipmentfor operation and investment in various energy uses and
for saving energy. Investment enabling energy efficiency progress at useful energy level conamprovement
of thermal integrity of houses and buildings, horizonal energy management systems in industry or offices, etc.
Such investments are determined together with useful energy demartd fully capture rebound effects and
depend on investment costs, energy prices, carbon prices and policies supporting or facilitegisuch
investments. Stock turnover dynamics, includindor renovation, are explicit in the model Costs related to
energy saving potentials are noflinear assuming exhaustible potentials and cost gradients increasing with
volumes of energy savings due tapper level investments.Discrete choice theory formulationscapture
heterogeneous situations regarding house/building types and conditionsHeterogeneityalsojustifies the non-
linear costs but are difficult to represent analytically due to lack of statisticd'he nonlinear cost-saving
possibility curves are estimated using micro and bottorrup sources based on surveys and available databases.
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PRIMES handles in
great detail energy
intensive
processing in
industry and the
ways of reducing
energy demand
and shifting away
from GHG
emissions
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J.2.Industrial energy demand sub-models
In PRIMES, industry consists den main sectors, which split in31 different

sub-sectors. Each sulsector includes a series of industrial processes and

energy usedotalling 234 uses; additionally, 22 different fuel types are

available for theindustrial sectors. Technologies are explicitfirstly at the

process level where different process types are included and secondly at the
levels of energy uses where technologies use different types of fuels. The

model distinguishes between low enthalpy kat and steam. Heaand steamcan

be either self-produced using boilers or CHP or purchased from the steaar
heatdistribution marketsh x EEAE AADAT AO 1 TorbolesAO E

o . Building : Food, Drink,
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Figure 1: Overview of the sectors and siisectors included in PRIMES industry

The structure of processes and uses in the industrial sectean be seenn the
figures at the end of this sectionThe current model version splitsalumina
production from primary aluminium production (previously group ed into
one), clinker from cement production (particularly important, as clinker
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imports tend to increase over time) andncludes a large list olsector-specific
processes|n particular, it further includes significant details for pyro-
metallurgy, fire refining, and electrorefining options usedfor the production
of non-ferrous metals. The database of the techreconomic data for the split
of process and technologies has been updategfbr the last Reference scenario
published 2016- based on extensive literature research (IEATSAP, industrial
surveys, etc.). The energy saving possibilities from technologies included in the
eco-design directive (e.g. air compressors, etcwere verified, emerging
technologies such as gas and liquithembrane technologies for separation in
the chemical industryare included andare taken into account in the industrial
module of PRIMES

The scope of the industrial demand suiinodel of PRIMES is to represent
simultaneously:

1 the mix of different industrial processes (e.g. different energy intensity for
scrap or recycling processes and for basic processing);

1 the mix of technologies and fuels, including the use of sgifoduced by-
products (fuels) and renewable energy forms;

1 the links to selfsupply of energyforms (e.g. cogeneration of electricity
steam, steam by boilers, use diy-products (fuels), heat recovery);

1 the explicit and engineeringoriented representation of energy saving
possibilities;

1 the satisfaction of constraints through emission abatement,glution
permits and/or energy savings, and

1 the rigidities of system change evolution because of existing capacities or
dynamic technical progress

1 Possible substitutions between processes, energy forms, technologies and
energy savings

1 CQ capture and proess related emissions are included in the model

Energy efficiency improvement in industry is linked to technology choices at process
and energy use levels, and in addition derives from direct investment on energy

savings; all options are fully included irthe modelling.

9 Direct investments in energy savingare modelled as horizontal energy
management systems and as specific interventions mainly for heat recovery.
The saving possibilities follow costquantity curves, which have limited
potential and nontlinear increasing costs.

1 Choice of process technologiasd energy use technologies (equipmeirtyolve
a variety of possibilities, which differ in upfront costs and in variable costs
depending on energy performance. Processing and energy using equipment
stock turnover is dynamic, keeping track of technologyimtages, both the choice
of technologies as well as the stock turnover can be influenced by policies which
are represented in the modelling
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Similarly, to the energy efficiency the model includes a variety of options for the
mitigation of CO > emissions, these are linked to the choice of technologies and fuels
at process and energy use level. Obviously the emission savings deriving from
reduced fuel consumption thanks to energy efficiency measures are automatically
taken into account in the model.

1 Fuel swithing: the model allows for fuel switching towards e.g. gas or electricity
(for the latter see next bullet), where the processes allow to move from more
carbon intensive fuels to less carbon intensive fuels, such as switching from coal
to gas. The model &ws also for the use ohydrogen where this is technically
feasible (e.g. cdiring of hydrogen in high temperature furnaces), as well as the
use of wastepiomass ande-fuelsj EUAOT CAT T O 1 AOGEAT Ah
liquid fuels).

1 Electrification of processes/uselectrification often leads to energy savings, as
well as CQ mitigation. The PRIMES model includes a variety of options for the
electrification of processes, including processes available today such as electric
boilers, electric arc furnaces and microwave heating, as well as processes which
are expected to be commercially available in the future such as mechanical
drives to replace steam drives or high temperature heat pumps.

Power to Heat for High enthalpy Process Heat:
Electric Arc furnace Induction furnace Power to
Electric melting Methane

Methanol
Power to Heat for Low enthalpy Process Heat in drying, sterilization, u‘!"‘d hydrocarbons
pasteurization:
uv Plasma heating Electrochemical reduction of CO, for chemical

Microwave heating Infrared Heating

Electrolysis for metal production
Electrolysis for chemical production, e.g. chlorine, ammonia
Electromagnetic radiation
Mechanical vapor
recompression
Electric boilers
Conventional and'advanced Heat pumps — low to High-temperature Heat pumps
medium temperatures 8

= = - o

Horizon of commercial deployment

Figure 2: Horizon of commercial deployment for electrification options in industry

The PRIMES model has been recently updated to include several options to allow for
deep decarbonisation of the industrial sector including:
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1 Use recycled or renewable carbon instead of fossiés feedstock to produce
complex molecules in chemicals (electr@hemical reduction technologies);

Negative emissions in carbon feedstock to polymers;

Integration of low carbon solutions for combustion with process emissions;
Industrial symbiosis z exchange to recycle carbon, syngas and others;

Circularity: increase recycling of materials and products;

=A =4 -4 -4 =4

Use electricity in separation, heat uses and low enthalpy heat electrification
(UV, infrared, microwave, induction, etc.);

=

Direct reduction of iron ore for geel;

T New cement chemistries;

=

Capture ofCQ and syngas from steel and cement (and other processes) to
reuse for recycled carbon feedstock;

Efficient separation of CQ from flue gas and process flows;

Electricity for vapour recompression (electrical steam)

Electricity-driven separation;

Medium to High temperature heat pumps

Heat recovery;

= =4 -4 -4 -4 -

Recovery of low concentration compounds.

The representation and reduction options forCQ from process emissionshave
recently been improved in the PRIMES model.ley are computed through
relationships driven by the physical production of the relevant industrial commodities
(e.g. cement) and the process type used for the production (e.g. direct ore reduction
vs. blast furnace) and by the fuel use (hydrogen dwaing in furnaces). Remaining
emissions may be reduced through Carbon Capture techniques, which apply on the
processing of industrial commodities. The representation includes capital and
variable costs of CCS, as well as electricity consumption associated with capt
which adds up to total demand for electricity. The model allows for both storage and
utilization of the captured carbon emissions as well as storage in chemical materials
(plastics).

Industrial Boilers and cogeneration (CHPare covered in a separa module of
PRIMES, where they are included by secttw allow for representing the specificities
of industrial sectors in anaccurate manner The steam required by different
industries differs in quality (temperature-pressure ratios), implying that the boilers

AOA OAAI EAOAOAASG OF OEA OPAAEAZAEA ET ABOOO
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for certain industries and not easily substitutablee.g. with supply through steam
distribution networks. The inclusion of boilers and CHP by industrial sector allows

for the representation of theheterogeneity and inertia of behaviour, both captured
through discrete choice modelling techniquesThe boilers and cogeneration units

each have different fuel options which can be influenced by prices or through policies,
thus allowing for emission reductions; the model also allows for switching between
boilers and CHP to enhance overall system efficiency.
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J.3.Steam and heat generation

The current version of PRIMES splits the modelling of steam and heat generation into
sub-models covering boilers and cogeneration for each industrial sector, district
heating including heat extraction from cogenerton and separately the rest of the
power market. The three main modelling blocks communicate with each other by
exchanging flows (power, heat and steam) and by exchanging money transfers based
on prices for the respective commodities. The split of the mads is beneficial for
representing specificities of industrial sectors in a more accurate manner. It is also
beneficial for introducing heterogeneity and inertia of behaviours, both captured
through discrete choice modelling techniques. The enhanced modeds better

stability than before in the simulation of cogeneration which is more dependent on
industrial sector circumstances than on conditions prevailing in the power market.

The split of the model, allows the introduction of higher resolution in termf
technologies. For example, in district heating the model includes electric boiler, heat
pumps and in detail the various biomass and waste technologies and feedstock types,
for example with distinction between landfill, sewage, solid waste, wood and wood
waste, and biogas facilities.

Distributed steam is a small fraction of total steam consumption; however, the
statistics provide very poor steam generation information by sector. Even the
cogeneration surveys, carried out by Eurostat, discontinued after@®0 and anyway
they were not available by year in full detail. The PRIMES model has a method for this
disaggregation of steam heat production, which will be maintained until better data is
available. The enhanced method combines information from the CHPrgays, the
power plant inventory (as further processed to identify sector origins), engineering
information on stylised process flow by type of industry (30 industries in total) and
the power generation statistics which include the fuels corresponding tchie

electricity generation from cogeneration, nonetheless without split between pure
electric and CHP generation. The data for the time series from 2000 until 2015 has
been constructed through algorithms for matching and consistency checking, which
generally follow cross-entropy methodology. The engineering templates of process
flows draw on a large set of reports from JRC (IPPC directive), from industrial
associations, specialised handbooks, IEA technology reports and the analytical
surveys by sector, whichare available in the USA (EIA).

In industrial sectors, practice suggests that industry does not replaces the boilers
homogeneously at the end of a specified technical lifetime, but often they remain in
place after refurbishment also for backup purposeslhe industrial sectors use a large
variety of different specific boiler technologies, with different daily load profiles, and
different ways of using them. To capture heterogeneity, the model uses sectpecific
survival functions coupled with economicaly driven premature replacement or
lifetime extension. In addition, the model uses discrete choice theory formulations for
the mix of fuels and technology types.

The model uses a long list of sectors, subsectors and processes and a specific list of
CHP andboiler plants by sector. This allows capturing CHP dynamics at sector
specific level and detailed representation of energy savings potentials.
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The energy
efficiency potential
in houses is great.
Tapping on
potential is
challenging as it
depends on
decisions by
millions of
heterogeneous
consumers.

PRIMES 2018

J.4.PRIMES BuilMo: a detailed residential and services sector
model

In the residential sector (and similarly in the services sector) energy is
consumed as input in processes that provide services to the households, such
as space heating, water heating, cooking, cooling, lighting and other needs. The
decision about the level of energy consumptiors related to the need for

services covered by energy and depend on efficiency as well as on economics,
notably relative costs and prices. Income drives demand for services from
energy. Electricity demand for electric appliances is modelled separately by
type of appliance and by efficiency class.

As fuel mix in thermal purposes mainly depends on the equipment technology
and the type of dwelling, PRIMES decomposes the dwelling stock in different
categories. The number of dwellings in each category changeseotime and by
country depending on demolishment, renovation and new buildings as well as
on relative costs and prices of energy. Income growth combined with soeio
economic factors influences the projection of population by type of dwelling.
The fuel mix possibilities for water heating and cooking depend on the fuel mix
in space heating and the dwelling category. For example using gas in water
heating is more common when gas is also used in space heating. Substitution
possibilities thus depend on the main eergy pattern of the dwelling and
influences the hierarchy of fuel choices. These are well captured in the model.

Energy performance is largely depending on the characteristics of the dwelling
(thermal integrity) and the technology of the equipment which $es energy.
Thus, spending money to improve energy efficiency is represented at top level
where it takes the form of investment improving thermal integrity of new and
old dwellings and at the equipment choice level where the model represents a
choice between technologies belonging to different energgfficiency classes.
Both choices involve a capital budgeting decision and the model compares
annualised capital costs using discount rates against variable costs; solutions
with upfront costs and utilisation performance leading to reasonable payack
periods are selected. Costs of investment in thermal integrity depends on
technological possibilities but also on a large variety of specific features of the
dwelling under renovation. Energy performance of new techologies and
buildings follows standards and codes and for some of the ectesign
regulations and labelling interventions the model shows the effects by
reducing perceived costs of more efficient technologies. Utility obligations,
white certificates and E€Os allow reducing discount ratesvhich can be
captured in valuesasassumed for model inputs.

Long-term responses to policies and energy price movements depend on
renewal of dwelling and equipment stock, which is generally a slow process.
The modeltracks vintages of technologies in the dynamic simulations, and
takes into account normal scrapping functions by type of equipment and
dwelling and endogenously driven premature replacement and renovation
which depends on economics and policy.

E2Modelling
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Energy effidency progress saves on variable costs and frees up income
resources, which may be consumed back in purchasing various commodities
and in increasing energy demand as well. Therefore, net energy savings are
less than expected due to energy saving upfront pgnditures. This is
commonly a rebound effect, which is fully captured in the model as the
formulation solves simultaneously for useful energy demand, fuel mix, and
energy saving investment while being subject to budget constraints.

Short-term responses topolicies and energy prices are also possible. They are
modelled as behaviourdriven changes, notably as modifications of the level of
useful energy services. Reducing temperature level of the heating thermostat,
switching-off lighting, reducing standby time of appliances etc. are such
behavioural responses, which imply lower demand for energy but also higher
disutility costs that the model explicitly includes in cost accounts.

Not only energy prices but also specific tariff forms are explicin the model.
For example it is possible to distinguish between average pricing tariffs and
time-of-use tariffs for electricity, the latter having larger effect on demand for
electricity in peak load times.

Useful energy demand depends also on soeazonomic factors.The model
includes number of persons per household and income per capita as drivers of
energy requirements in a house and as determinants of diffusion pace of
electric appliances. Saturation effects as well as income related elasticities
depend on these dvers. Useful energy demand also depends on climatic
characteristics, which are represented as uniform by country, since PRIMES
lacks spatial resolution below country levels.

Energy meets fundamental needs of households. In developed economies
income elssticity is expected to be less than one, while substitutions by nen
energy commodities are rather limited. However, in partially heated houses
(which is one of the dwelling categories included in the model) income
elasticity can approach or exceed one, &ast over a limited period of time. In
specific uses such as cooling and some of the electric appliances income
elasticity may exceed one. Econometrics are used to estimate such elasticity
value by use and by country in the PRIMES model; the estimated pareters
are used at the upper level of the nesting, which corresponds to useful energy
demand. In developed countries the share of energy in total consumption is
close to saturation (taking account of price variations), a fact that explains the
observed aymmetry in price elasticities with respect to positive or negative
shifts. It should be noted, however, that PRIMES is not solely based on such
overall elasticities but on a structural representation of demand and supply.
Nonetheless, the PRIMES resultssal show asymmetry of responses for
decreasing or increasing energy costs and prices.

It is important to note that the influence on useful energy demand is via not
only the prices of purchased energy forms but also a ceptice index, which
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capture all kinds of costs for energy purposes including annualised costs of
investment in equipment, thermal integrity of buildings and energy savings.

The fuel shares, for each category of eagse in which substitution between
fuels are possible, are represented as fuehoice frequencies (which express
the percentage of households that choose a specific fuel to serve the arst).
These frequencies can change depending on economics but the flexibility of
change depends on turnover of equipment stock and on the type aivelling.

The probability that a given appliance (for space heating, water heating and
cooking) is chosen to be installed in a dwelling is calculated as a function of a
total perceived cost and of the maturity of equipment (so that intefuel
substitution is constrained) and the possibilities depend on the type of
dwelling. The total perceived cost is a function of capital, maintenance and fuel
(operating) cost of the equipment, as well as of the income of households.
Especially, for cooking and water heatig it is assumed that the total perceived
cost also depends on the fuel choice made for space heating following a
hierarchical decisiontree approach. Generally, nested Weibull and nested logit
models are used to model choices. The fuel shares obtained arplemented

for new dwellings and for the installation of new equipment due to normal
replacement. As a result, updated fuel shares by enu$e are computed,
concerning both existing and new dwellings.

Specific electricity use is considered as an engse not allowing substitutions.
Demand depends on the projection of number of appliances by type, which is
driven by socio-economic factors, and on efficiency performance, which
depends on technology choice which is modelled using discrete choice
modelling.

J4.a. Model database

PRIMES BuilMo includes a very detailed database for buildings which has been
constructed by combining a number of sourceg see Box 1. The high resolution
of the model allows to better simulate policies and the way they effect the
building stock, as well as increasing the understanding of how higher energy
efficiency targets can be achieved.

Residential sector
The building stock is split into the following categories:

1 Single or multi-storey buildings

1 Age of construction: the existing buding stock has been divided into nine age
bands covering the period 19262015

9 Spatial Allocation: threeregions have been selected urban, semirban and
rural, for each Member State

This implies that there are 54 possible building categories for each tfe 28 EU
Member States.
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Each building category is characterized by its own heating/cooling characterization
(kWh/m2) which represent the average value of buildings in that category. The
values are calculated based oaverageengineering characteristicsof each buildingin
each categoryand are calculated based on bottorup engineering calculations.

The buildings are further characterized by the equipment they use and the fuel
consumption. The model therefore now has 54 different possible building typder
which energy consumption is calculated according to country characteristics which
include size of dwellings, heating degree days and thermostat settings which are also
differentiated by income class.

The classification thus achieved allows to analygle effect of policies on the building
stock and the barriers which energy efficiency progress faces: e.g. renovating very old
houses leads to high energy savings however it can be difficult because many of these
houses are historic buildings and therefoe renovation can be very expensive;
renovating newer buildings is easier however energy savings are lower. Further
different costs and barriers apply to renovation of single vs. mukiamily houses: high
cost for single family, lower costs but difficultiesn coordinating multiple

owners/tenants in multi -family houses. Following the logic of PRIMES the model
includes both true costs as well as perceived costs which simulate the barriers faced
by the actors.

Services
Also in the services sector the databadeas been enhanced; the existing three sectors
have been split into the following eight subsectors:

1 Trade
o Commercial Buildings
0 Warehouses
o Cold Storages
1 Market Services
o Private offices and other buildings in market services
0 Hotels and Restaurants
1 NonMarket Services
o Public Offices
0 Hospitals and Health Institutions
0 Schools an Educational Buildings

Different attributes and characteristics apply for each susector with regard to the
condition of the building stock (age, Wralues), internal temperature t-points,
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ventilation demands; further the entire building stock has been divided by the type of
ventilation into mechanically and naturally ventilated.

Similarly, to the residential sector the high resolution allows to capture the
specificities of the dfferent sectors including the different operating hours, number of
occupants for the various building types. The higher split can also represent
incentives given to public building renovation more efficiently.

Sources database:

Eurostat Database: Housintatistics in the European Union:
http://ec.europa.eu/eurostat/statistics -explained/index.php/Housing_statistics
National Statistics Bureaus

The Entranze Project; accessed on 10 April 2017

Inspire Archive, accessed on 15
December 2016.

BPIE, accessed on 3 November 2016

The Healthvent Project) accessed on 10 April 2017

Europe's Building under the Microscope: A Countrpy-Country Review of the Energy
Performance of Buildings., BPIE, 2011

Sources engineering calculations:

CIBSE, CIBSE Guide A: Environemental Design, 2007

EN 13790:2008 Energy performance of buildings Calculation of energy use for space heating
and cooling, 2008

Guide to the design, installation, testing and maintenance of services supplying water for
domestic use within buildings and their curtilages: BS 8558:2015

2013 ASHRAE Handbook: Fundamentals, ASHRAE, 2013

J.4.b.Equipment and electric appliances
The new mode version includes a significant higher amount of options for equipment

(boilers for space and water heating, cookers, air conditioning) and electrical
appliances (TVs, etc.) both for the residential and services. Also the fuel options for

the different options has increasedDifferent kinds of heat pumps (air to air, water to
AEO8Q £ O OPAAA EAAOET ¢ AT A ATTI1ETC AOA
The higher amount of detail allows to more accurately reflect the eedesign directive

and Regulationsas additionalequipment/appliances are now explicitly modelled.

The list of appliances now includes:
1 Refrigeration
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http://www.entranze.eu/
http://inspire.ec.europa.eu/webarchive/index.cfm/pageid/6/list/3.html
http://bpie.eu/publications/
http://www.healthvent.byg.dtu.dk/
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Dryers

Freezing

Dish Washers
Washing Machines
Lighting

Entertainment

Ironing
Small Appliances

PRIMES 2018

Information and communication

Vaccuum Cleaners

WHITE Cnr;e;lpn:lél:ence Eco-Design Regulation
APPLIANCES -
Ecodesign

Household tumble driers: 813/2013 and 392/2012
Dryers ENTR Lot 16)

Domestic dishwashers: 1016/2010 and 1059/2010
Dishwashers (ENER Lot 14)

Domestic refrigerators and freezers: 643/2009 and
Refrigerators 1060/2010 (ENER Lot 13)

Same as above
Freezers

Domestic washing machines: 1015/2010 and 1061/2010
Washing machines EiERLEL S

Domestic lighting (general lighting equipment): 244/2009

and 874/2012 (ENER Lot 19)
Lighting

Directional ighting: 1194/2012 and 874/2012 (ENER Lot

19)
BLACK Correspondence Eco-Design Regulation
APPLIANCES PRIMES-Ecodesign

Vacuum Cleaners

Entertainment

Information and
Communication

Small Appliances

Vacuum cleaners: 666/2013 and 665/2013 (ENER Lot
17)

Televisions: 642/2009 and 1062/2010 (ENER Lot 5)
but also includes set-top boxes ()

PC:s and servers: 617/2013 (ENER Lot 3)

e.q. Battery chargers and external power supplies:

278/2009 (ENER Lot 7

Figure 3: Correspondence of PRIMES and ecalesign categorisation for

appliances
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J.4.c.Renovation strategies

Sources:

The Entranze Projecthttp://www.entranze.eu/ accessed on 10 April 2017.

CostEffective Climate Protection in the Building Stock of the New EU Member States: Beyong
the EU Energy Performance of Buildings Directive, ECOFYS

Andreas Uihlein,Peter Eder, Towards additional policies to improve the environmental
performance of buildings Part Il: Quantitative assessment European Commission Joint Reseaich
Centre Institute for Prospective Technological Studies 2009

Study on the Energy Savings Poteials in EU Member States, Candidate Countries and EEA
Countries Final Report Fraunhofetinstitute for Systems and Innovation Research 2009

Renovation strategies are defined as the subsequential choices of, first, a
renovation type, followed by the possible choices of new equipment for the
different needs (first space heating, then water heating, cooling and cooking).
Renovation types are classified into 8 types and refer to the changes
undertaken in the buildings: R1 is the ligkest renovation possible and implies
the replacement of windows only, whereas R8 is the deepest form of
renovation which requires, aside from window replacement, also addition of
thick insulation to the building in order to reduce air permeability levels ad
leads to consumption belov2 40kWh/m2.

Depending on the renovation type chosen, the probability of changing the
equipment for space heating before the end of lifetime- changes: if only
windows are replaced synchronous change of the boiler is not deaad any
more or less probable than without renovation, whereas with increasing
renovation depth the probability of changing the equipment, particularly to
heat pumps increases. The choice of the equipment technology for water
heating, cooling and cooking isonditional on the choice of the space heating
equipment.

Finally a combination of 1000s of strategies is obtained which are ranked

according to performance; only feasible options are included, also options
which are deemed highly unlikely are excludedrém the possibilities.3 The

exclusion of options is undertaken to obtain a balance between available

strategies and reasonable computational time.

The choice of renovation type and larger equipment with long life times
intertemporal, not myopic: this implies that the system is optimised over the
entire time period to 2050/2070. Contrarily to the choice of electric appliances
like a TV, renovation choices imply large capital investment and long term
benefits in terms of reduction of fuel expenditures, amitertemporal
optimisation is assumed to be the better modelling option.

Fuel switching is possible when changing equipment or when renovating,
however the more accurate representation of the sector in the new model
accounts for the inertia of the systemkuel switching often implies costs which

ci AAUTTA OEA OOEIi PI Ao AET EAA T £ OEA

2

3 E.g. a fuel switch from natural gas to solids is not available, as it is not assumed to be likely under any
scenario condition.


http://www.entranze.eu/

Levels of
Renovation

Intensity
RO

R1

R2

R3

R4

R5

R6

R7

R8

for example possibility to connect to the natural gas or to the district heating
grid: as the model has no explicit geographic resation this is approximated
through the knowledge of country specificities and this availability is
considered higher for urban areas than rural.

Hidden costs of fuel switching are also taken into account, for example the
requirements for additional spacefor storing solids or biomass. Moving away
from district heating is also linked to additional costs. The incorporation of all
the costs for fuel switching make the system rather inert and more stable to
(short term?) fuel price changes, better reflectingeality.

Details

No Renovation

Light Renovation (Windows ReplacementU value 2.7 W/m2K)

Light Renovation (Windows ReplacementU value 2.7 W/m2k and
addition of a 5 cm layer of insulation )

Light Renovation (Windows ReplacementU value 2.7 W/m2k and
addition of a 5 cm layer of insulation and achievement of air
permeability of 27 m3/m2h)

Medium Renovation (Windows ReplacemenU value 1.7 W/m2k and
addition of a 5 cm layer of insulationand achievement of air
permeability of 27 m3/m2h)

Medium Renovation (Windows ReplacemeniU value 1.7 W/m2k
,addition of a 10 cm layer of insulation and achievement of air
permeability rate of to 27 m3/m2h)

Medium Renovation (Windows ReplacemenU value 1.7 W/m2k
addition of a 10 cm layer of insulation and achievement of air
permeability rate of to 9 m3/m2h)

Deep Renovation (Windows Replacement value 1.7 W/m2k ,
addition of a 20 cm layer of insulation and achievement of air
permeability rate of to 9 m3/m2h)

Deep Renovation (Windows Replacement value 1.0 W/m2k ,
addition of a 20 cm layer of insulation and achievement of air
permeability rate of to 5 m3/m2h)

J.4.d.The heterogeneous consumer/actor

Income classes are included in the model to simulate the heterogeneity of
actors and the idiosyncratic behaviour of consumers. Instead of having one
single actor the model foresees now a variety of actors each with their own
behavioural characteristics. Tke behavioural characteristics are simulated by
including differentiated discount rates: each income class has its own specific
discount rate with the highest income class having the lowest discount rate
and the lowest income class having the highest discotrate, representing the
difficulty for such users to apply for financing-

The population has been split into five income classes; for each Member State
the shares and definitions of the different income classes by MS differ.



This modelling feature albws to better represent the barriers faced for the
renovation within a Member State and among Member States: lower income
classes would benefit most from a reduction of running costa.e. from higher
EE in their dwellings,however, they often do not havehe financial means to
renovate the buildings as this is a capital intensive investment.

The higher detail of the modelling both in representing the building stock, the
available equipment/appliances and heterogeneity of consumers allows for a
more realistic representation of the barriers faced when implementing policies
aimed at increasing energy efficiency in the residential and services sectors.

J.4.e.Mathematical structure and model concept

Mathematically the model is based on the concept of dynamilscrete choice,
where representative agents decide among a finite set of choices the ones that
are economically more cost efficient. This concept applies to renovation and
equipment. The agents are defined as classes and the available choices are
considered renovation strategies in the model.

A strategy includes the timing and the intensity of the renovation and/or
equipment alternation. The agents have perfect? foresight over the whole
projection period and as a result the decisions made are intertempokaEach
strategy has a certain economic performance depending on the amount of
upfront investment and the annual spending for the energy bill; a discount rate
specific to the characteristics of the agergtherefore the class and the

inclusion of possiblebarriers or hidden costs also influence the computation of
economic performance of each candidate strategy.

The model assumes that within each class the agents who decide about
building strategieshave idiosyncratic behaviour and because they have
heterogeneous preferences do not adopt a single best strategy. Instead a
probability density function is used which assigns probabilities of adoption of
the strategies within the set of the most cosefficient ones. Possible criteria
used for the evaluation of tke strategies are the maximisation of the payback
period or the minimization of the levelized cost of energy.

In particular for the decision on renovation, the cost of each strategy is the
result of a nonlinear cost function, which mimics the interaction @ the agents
with the market: the high probability of taking up a strategy and the
subsequent uptake of the strategy by many classes or within a class implies
that the strategy becomes more expensive (due to limited availability of labour
and materials forthe particular strategy within a particular time span). The
increase in the cost of the strategy makes the specific strategy less popular. As
a result the probability of the uptake of the strategy is modified and another
strategy will also enter the marké. Thus a more realistic picture of the uptake
of renovation is obtained.

J.4.f.Policy representation in the new buildings model

The model allows as previously the possibility to include and exclude policies
in order to achieve anything from a baseline ta policy scenario with high
energy efficiency or emissions reduction target.

The new improved model allows for a better and more detailed reflection of
policies.



Overarching policies

Energy Taxation : as in the main PRIMES, taxation is explicit in the
composition of the end user fuel prices; it can be modified as required, by fuel
and by enduser; the standard model includes the obligations stemming from
the current Energy Taxation Directive, as well as the latest taxes from the DG
TAXUD tables

Carbon pric ing: carbon pricing as a means to reduce emissions can be
implemented in the model in many different forms: a CO2 tax, inclusion in the
ETS of norETS sectors, a carbon value, etc.

Renewable energy directive : the model shows how the overall targets set in
the RES directive are achieved in the H&C sector; incentives for RES put in
place by MS to achieve contributions from the H&C sector to these targets can
be explicitly represented. The inclusion of different types of heat pumps
(ground source and air soure), allows for a more precise calculation of RES
shares according to the latest methodology for calculating RES sharks.

Energy Efficiency policies

EPBD & Building codes at national levels : are now explicitly represented in
the model for new, as well as forenovation, when these are clearly defined,;
building specifications follow engineering based calculations for the
determination of energy requirements.

Eco-design and labelling directive : the higher number of equipment and
appliances allows for a more pecise representation of the ecalesign
regulations; each category of appliances in the model now includes fewer
different types of appliances. Minimum energy performance standards can be
explicitly implemented.

Subsidies/financing : discount rate modification or explicit reduction of costs
for fuels or equipment can be represented explicitly.

EED the EED includes many aspects which have to be differentiated in order
to correctly reflect them in the model. Some examples includ@e

1 energy distributors or retail energy sales companies have to achieve 1.5%
energy savings per year through the implementation of energy efficiency
measures: this aspect can be verified through the model by undertaking the
guantification of a baseline scenario (defined e.g. by the exsion of any
new policies after a specific year), and then comparing it to a scenario
where additional policies are included to verify the energy savings

1 the public sector in EU countries should purchase energy efficient
buildings, products and services:his can now explicitly be modelled

1 every year, governments in EU countries must carry out energy efficient
renovations on at least 3% (by floor area) of the buildings they own and
occupy: this can now also explicitly be modelled and set as constraint in
the model

4 Share of renewable energy based on Directive 2009/28/ECSHARES tool)
5 Selected from:


http://ec.europa.eu/energy/en/topics/energy-efficiency/energy-efficiency-directive

The energy efficiency value (EEV) still exists as a tool in the modelling,
however it is used as a shadow value (marginal benefit) derived from energy
efficiency gains of an energy efficient constraint (target). Bottorup defined
policies and EE¢ can ceexist in the model. As the model formulates
equilibrium conditions, and not an overall optimization, the shadow value of
energy efficiency acts as a dual variable of a virtual energy efficiency
constraint. By varying the level of the energy effieincy value one can increase
or decrease the stringency of the constraint. In the buildings model, the energy
efficiency value measures EUR/toe saved perceived as an extra benefit by the
decision makers. The value applies to all cost comparisons which letdthe
choice of house renovation options and equipment type options. Consequently
the value increase the competitiveness of efficient options and incite the
decision maker to select them.



Correspondence
PRIMES-
Ecodesign

SPACE HEATING

Eco-Design Regulation

Boilers Gas

Boilers condensing
Gas

Boilers Oil

Boilers condensing
oil

Wood stoves or
Boiler pellets

Heat Pump Air

Heat Pump Hydro

Heat Pump
Geothermal

Heat Pump Gas

Space and combination heaters: 813/2013 and
811/2013 (ENER Lot 1)

Same as above

Same as above

Same as above

Solid fuel boilers:2015/1187 and 2015/1189 (ENER
Lot 15}

Space and combination heaters: 813/2013 and
811/2013 (ENER Lot 1)

Same as above

Same as above

Correspondence
PRIMES-
Ecodesign

SPACE HEATING

Eco-Design Regulation

Electric Resistance

Gas individual

Solar Thermal

CHP ICE

CHP micro CCGT

CHPFC

District heating

Local room heating products; 2015/1188, 2015/1185
and 2015/1186 (ENER Lot 20)

Space and combination heaters: 813/2013 and
811/2013 (ENER Lot 1)

*(referred to as cogeneration — not specific
technologies)

Same as above

Same as above

Figure 4: Correspondence of PRIMES and ecaesign categorisatior
for space heting



Corresponden Eco-Design Regulation
WATER HEATING ce PRIMES-
Ecodesign

Water heaters: 814/2013 and 812/2013 (ENER Lot 2)

Water heating boiler

(diesel) Space and combination heaters: 813/2013 and
811/2013 (ENER Lot 1)
Water heating boiler Same as above

(electricity)

Water heating boiler Same as above

(natural gas)
Same as above
Solar collector

Water heating heat Same as above

pump
Water heating boiler .
{heat)
Corresponden Eco-Design Regulation

AIR COOLING ce PRIMES-

Ecodesign
Electric Air Ecodesign regulation in force in March 2012.
Conditioning Labelling regulation in force in July 2011.
Electric Air Regulation in force 2016.

Conditioning central

Figure 5: Correspondence of PRIMES and ecalesign categorisatior
for water heating and air cooling



J.7.Mathematical lllustration of Modelling Energy = Demand of
Stationary Energy Use Sectors in PRIMES model
J.7.a.First Level: Aggregate demand for energy service be sector
For each sector we first identify the level of demand by a sectdr for energy service ES, in a
way to link the energy system to the macraéconomic system. The concept of the energy

service is similar to that of useful energy and its measurement is deprived of any effect of
energy or technology efficiency.

The energy service is directly linked to anacro-economic activity or income variable X, . The

relationship between the energy service and the activity variable represent the increase (or
decrease) of the volume of energy service as a function of time or economic development. Fo
example this relationship may represent improvement of comfort enabled by time or income
growth.

We assume that this relationship is of logistic type (8urve) by introducing a fixed upper limit

Ah expressing maximum comfort from arenergy service per unit of activity (or income). In

the case of industry, the logistic curve may be decreasing to express technology trends that
improve the productivity of the energy service. In this case, the limit denotes a lower bound of
productivity i mprovement.

£ 0X, .
ES, = — ap
1+explag, +a,, & (X,.RR,1)0°)

where { denotes a time index.

If a,, is negative, the logistic process is increasing, expressing an improvement of comfort

from the energy service, while if it is positive, the logistic process is decreasing expressing an
improvement of productivity of energy.

The function / represents the steadystate relationship between the energy service and the

explanatory factors, such as economic activity or income, time and the relative profitability of
the energy service.

Therefore, the function/ may be written as:
|09(/ h) = by, + b, IOQ(Xh) + by, IOg(RFﬂ) + by, G

where RP stands for relative profitability and ¢ is a time index. The parametersa, b, € can

be econometrically estimated or determined as a result of a calibration. The relative
profitability of the energy service may be defined along the concept of opportunity cost and
may be determined as a weighted sum of prices and costs of energy used processes
contributing to form the corresponding energy service.

J.7.b.Formulation of allocation decisions of the consumer
To meet the demand for energy service, the decision maker (i.e. the consumer who is
representative of a sector) faces allocatiodecisions. For example, he must decide about the
mix of processes and technologies.

Penetration of new technologies

Some of these processes or technologies are mature in the market, with known economic and
technical characteristics, some other may be near anticipated to be present in the future.



For the latter, two types of costs are identified: the engineering cost, which is the technical cost
for delivering a given technology or process, and the perceived cost for the consumieor a

mature technologythese may be identical, but for an emerging one, with a small market share,
the perceived cost can be much higher. The concept of the perceived cost reflects consideration
about the supply of the technology to the consumer, including costs of maintenanaed

operation of the technology choice when this is diverging from the dominant choices in the
market.

Similar technology supply considerations can be introduced in the formulation, to reflect
situations in which a mature technology losing market share hy@nd some level, enters into a
decline process with perceived costs increasing. This could reflect for example, supgide
deviations from the efficient scale of technology production.

The question then is, howthe model dynamics caraccommodate the intoduction of a new
technology, or new energy form. A new technology starts from a very high perceived cost.
Exogenous shifts, such as subsidisation of a starp cost, an accelerated technical progress or

the investment in infrastructure (e.g. for a new fug provides an initial push that allows an
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increase the market share of the technology, thereby further reducing the perceived cost (due

both to technology supply anddemand side effects) so that the penetration of the new

technology will accelerate.

The specification can allow several situations such as: more than one technologies prevailing in
the market; a technology entering the market only when reaching a criticalbompetitiveness; or
even simulating avalanche effects in technology penetration..

Diversity of consumer decisions in a sector
'TuUu AT AOcu i 1T AAT AAAADPOO OEA 11 O0EIT 1T &£ OGEA O
economic modelling. The decomposition by sector or subector or energy use, aims at defining
decision cases in which the discrepancy of decision conditions beconssaller, but this
decomposition is limited by available statistics.

Therefore, even within each sector the optimality of the shares of technologies or fuels may
vary across the individual decisioamakers operating in that sector. This of course is due the
varying conditions of energy use for each individual case.

To represent the fact that a number of decision makers with varying conditions operate in a
sector, we must introduce a way of aggregating individual decisions to derive the overall

O A O A @toicelobthe representative consumer. This way, even unlikely choices of seemingly
higher costs will have a small share. A number of consumers will choose to adopt them,
AAAAOOA OEAU EAOA xAl EAOA 10 AT 0O CAEBped £OT i
conditions.

We propose two alternative formulation to accommodate this aggregation of individual

behaviours:

We introduce a probability distribution expressing the probability to make a choice that is
different from the average. We interpret the &erage choice as determined along engineering
cost concepts. An individual decision maker may have an optimal share that differs from the
average, but frequency of such choices decreases as it moves away from the average. For the
representative consumer, his situation leads to a Wshaped average cost curve, having as
minimum the average choice (share). The problem in this formulation, is that the average
engineering shares are exogenously projected to the future and therefore the penetration of
completely new technologies cannot be easily simulated.

An alternative approach, is to introduce the diversity in the function that aggregates the
choices. While the individual consumers do make discrete choices (the corresponding shares
add to unity) the representaive consumer is more likely to choose a mix. This means that at



the level of the representative consumer a concave indifference curve reflects the aggregation
of the individual choices. Therefore the aggregation of the choices is not linear. Following the
Dixit/Stiglitz approachs, we specify a CE§pe (constant elasticity of substitution) aggregation
function of the shares for the representative consumer.

In both the economic problem of the representative consumer is to minimise cost of meeting
the total energy service by allocating energy flows to alternative processes or technologies.

min Zh = a- Cp,h(Qp,h - pr,h)@p,h
p
subject to

(Q,)2 ES,
a ai,j,p,h @p,h ¢ bl
J

where C,is the unit cost function, that depends on the difference between the choidg, , and
OEA AT GEI AAo@h,c Oi DOEI O 6

The first of the constraints is the demand constraint, withf being the aggregation function

that can be either linear (first formulation above), or a constant elasticityf substitution (CES)
function (second formulation above). The second set of constraints represents any technical
restrictions on the possible choices.

To introduce the new technology penetration mechanism, we may formulate the perceived unit
cost cpTas a logistic function involving the engineering cost,, , the market share('?"%31

and an exogenous factor indicating the maturity or acceptability of the technology .

— . m
Cpon =Cpn 00— —~
ex&— bC%"Qp’hg
¢ ES +

J.7.c.Second level: Uses or processes
The uses or processes may be organised in the form of a network of flows. For simplicity we
assume here that they are organised as a set per sector.

Each use or process addresses a demand for useful energy. Thesuor processestyh

corresponding to a sector deliver the energy service to that sector. We assume that the
allocation of energy flows to the uses or processes within a sector may involve competition, in
which case the uses/processes arsubstitutable to each other, at least to a certain degree.
Alternatively, the uses/processes may be complementary to each other, in which case energy
flows depend on technical parameters and involve all uses/processes for a given sector.

At this stage, tle objective is to determine the optimal shares of each use or process in a sector,
that minimise total cost of delivering the energy service. Constraints on the mix of
uses/processes are included to reflect varying degrees of competition among the
uses/processes.
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For this allocation decision we propose the first of the two alternative formulation presented in
the previous section. As the alternative uses/processes are known from an engineering point of
view and are complementary at some degree, this formuian is more suitable (the

aggregation function is known). Through the cost function appearing in the objective function,
the formulation introduces the diversity of the decision context. It may also involve the
emergence of new processes or uses (e.g.roduction of natural gas equipped homes) through
the market penetration mechanism.

The representative decision maker (in a sector) minimises total cost of delivering the energy
service:

minz, = aCPR,,@,,
pl map( p,h)

The unit costCPp]h is generallynon-linear involving the normative engineering costCPEng)‘h
OEA AT CET A ADE,ithe dedréeiof@iisaiepancys , the market maturity of technology
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The network equilibrium states that:

(D ES,= & Qun&h
pl map( p,h)

Bounds can also be incorporated in the above scheme:

Qon

(2) logn ¢ ES,

¢ Upp h

The problem (3) to (6) decides the optimal shares gfrocesses and uses.

J.7.d.Third level: Demand for technologies and fuels
At a next level for each process or use, the sector can decide between alternatea@hnologies
and ultimately fuels that can be used for each. This is also an allocation decisiorplem in
which the sector minimises the cost of serving energy demanded by the process or use and
thereby decides the optimal allocation to technologyQ, ,,and fuel Q; , ;..

As at this stage we seek two represent two phenoema: the fact that the technologies are
strongly competing and only a few of them will ultimately survive in the market; the fact that

the substitutability possibilities between technologies or fuels should reflect a preference
mapping of the decision make (for example coal cannot be considered as a perfect substitute

of natural gas in space heating). Even if the diversity of situations can explain the existence of a
small share of consumers using for example coal for space heating, at the level of the
representative consumer the relative fuel prices provide insufficient explanation. The
phenomenon can be captured by introducing concave indifference curves that aggregate
technologies and fuels. We therefore adopt the second formulation presented above fbist

case.



New technologies, or new energy forms for a given technology can again emerge in the model
dynamics. A new technology starts from a very high perceived cost. An exogenous shift, as
explained above, may provide the initial push to trigger a mech@m that accelerates the
penetration if the technology proves to be competitive.

The sector again minimises total costs of fuels subject to the technical restrictions. The cost
function is non-linear as explained above. A notinear aggregation function (onstant
elasticity of substitution or CES) is used to indifference curves between choices.

min Zp,h = a- (Cff,t,p,h dDf,t,p,h + Ctt,p,h de ,t,p,h)

f,ti map( f ,t,p,h)

Cffyt’p,h is the fuel cost andCt, , , is the nonrlinear cost function of implementing a given

technology.
50,00 " ] m
Ct,, =CPEng,, B8 @ Tolo = .
P ’~§5 * a Qion/ @
(; p,h ex%at,p,h _ b{,p,ho A hg
ph=

for all ti mag(t,p,h).

a, ,nrepresents the effect of market penetration on the reduction of the perceived cost for a
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market share declines.

b, ,» represents diseconomies of scale as a function of the market share ang, , is again the
market acceptance or maturity of the technologyCPENQ , , is the engineering cost of the
technology

A CES transformation function links fuels and technologies to meet demand by processes and
uses:

- o s i s»}é ~5/9-1
Qnt & f.da,,) 8
tl map(t,p,h)
Qt,p,h ¢ a Qf tp.h

f1 map( f,t,p,h)

Upper and lower bounds for flows can again be included both at the level of technologies and at
the level of fuels.



a Qt,p,h

f1 map( f,t,p,h)

. a t,p.h
f1 map( f,t,p,h)

Iot,p,h ¢ ¢ UPt p.h

p.h

Energy savings are one of the possible combination of inputs that can be used for any given
technology. These may include direct energy saving measures, but also other techniques like
for example heat recovery. We introduce a notinear cost curve with an upper bound which is
the maximum potential that can be achieved for a given process or use.

max
Savt,p,h

1+ exp(a - b@csav,t,p,h)

QSav,t,p,h =

solved for the cumulative cost (investment in energy savingLCg,,, ,, Which is linked to the
objective function through

CfSav,t,p,h = DCCSav,t,p,h'

The demand models compute théemand for each fuelQ; 1,ph@nd the supply for by-products (as

these have no explicit supply function from the supply sidefsome of the fuels (electricity,
steam and probably gas) demanded by the consumers are defined by time segmési This
notation has been omitted from the above for simplicity.



Transport Energy Demand (PRIMES TREMOVE)

The transport
sector has a key
role in climate
change strategy
and for oil
independence
policies. Large
restructuring is
required towards
alternative fuels
and technologies.

K.1. Introductio n

Energy consumption for transportation purposes generates very significant amount of
greenhouse gases and emission abatement is particularly inelastic in this sector.
Transport is by far the largest consumer of oil productsExpenditures for

transportati on purposes representa significant percentageof GDP.

Because of its importance, PRIMES devotes particular focus on transport and includes
very detailed modelling which covers the energy and mobility nexuand can handle a
large variety of policy measuresaddressing the transport sector.

PRIMESTREMOVE Transport sumodel producesprojections of transport activity,
stock turnover of transport means, technology choicesnergy consumption by fuel
and emissionsand other externalities. PRIMESTREMOVE is aery detailed partial
equilibrium simulation tool used for scenario projections and impact analysis of
policies inthe transport sector.The modeldesignfocuseson long-term simulation of
conditions, whichwould drive restructuring of the sector towardsnew, cleaner and
more efficient transportation technologies and fuels. For this purposghe transport
model fully handles possible electrification of road transport, high blending of bio
fuels in all transport sector and market penetration of alternativefuels including
hydrogen. The simulation of dynamics of changes combines modelling of consumer
choices, technology change, refuelling and recharging infrastructure and policy
instruments, which enable the changes.

K.2. Model overview

PRIMESTREMOVE Transpa Model produces projections coveringthe entire
transport sector by 5-year steps up to 2050. The model projectsobility for
passengers and freightallocation of mobility by transport mode, projection of
mobility by type of trip, allocation of mobility by mode in transport means,
investment and scrapping of transport means, energy consumption and emissions of
transport means and costs and prices of transpor€Choices among alternative options
and investment arespecific to eachby agent,being arepresentative of classes of
transport consumers. The choiceslerive from economics andutility from mobility

and depend on policies, technology availability and infrastructure. The projection
includes details for a large number of transport means technologies arfidels,
including conventional and alternative types, and their penetration in various
transport market segments. The projection also includes details about greenhouse
gasand air pollution emissions, as well as impacts on externalities such as noise and
accidents Operation costs, investment costs, external costs, tevenues or subsidy
costs,congestionindirect costs and others are included in the model reports

Agent choicederive from structural microeconomic optimisation, in which
technology featues and transport activity allocation possibilities are embedded.



Coverage by PRIMESTREMOVE transport model

Model simulation run: Standalone or linked with the entire PRIMES energy system model and the
PRIMESBiomass model

Time horizon: 2005 to 2050 by 5year time steps; 2005 and 2010 are calibrated base years and 201}
2050 being projections.

Countries: Individually all EU 28 MemberStates

Transport modes: Private road passenger (cars, powered 2 wheelers), public road passenger (buse|
and coaches), road freight (HDVs, LDVSs), passenger rail (slow and hgpgeed trains, metro), freight
rail, passenger aviation (split into distance classes), freight and passgar inland navigation and short
sea shipping, bunkers. Numerous classes of vehicles and transport means with tracking of technolog
vintages.

Regions/road types: No spatial resolution below country levels. For trip classes distinction between
Urban areas (distinguished into one metropolitan and other urban areas) and inteurban areas
(distinguished into motorways and other roads).

Time of day/trip types : off peak and peak time travelling relevant for congestion; passenger trips are
distinguished into non-working, commuting and business trips; freight split into bulk, cargo and
unitized.

Trip distances: stylized histogram of trip types according tadistance, representing different agents'
travelling habits per trip and region type.

Energy: all crude oil derived fuels (total and separated by the different grades), biofuels (bioethanol
and biodiesel blends, biekerosene, bieheavy oil and DME), CNGNG, LPG, electricity and hydrogen.
Linkane to refiielina/recharaina infrastriictiire hv trin tvne.
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Transport activity for passengers and freight

Fuel prices, taxation of fuels

Availability of alternative fuels and regulations orblending

Other costs and taxations in transport

Development of refuelling and recharging infrastructure and coverage

Cost parameters influencing public transport tariffs and infrastructure fees where applicable
Regulationson technologies standardson CQ or on energy efficiency performance of vehicles
Measures and infrastructure influencing modal shifts and modal efficiency

Taxations to internalise external costs (for example for air pollution, noise, accidents, etc.)
Technical improvements and cost changes fatarious vehicle technologies

Driving range for battery equippedand hydrogen fuel cellvehicle technologies

Market coordination assumptions between infrastructure, technology learning and perception of
fuel/techn ology maturity by consumers.
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The modelcan run as either a stanehlone tool or canrun asfully integrated in the
rest of the PRIMES energy systems model. In th@egrated run mode, the trarsport
model takes from the rest ofPRIMESprojection of prices forfuels, biofuels electricity
and hydrogen as well as carbon prices where applicabl@he transport model
transmits projection of fuel, electricity and hydrogen consumptiorto the rest of
PRIMES modelThe model linkagesupports life cycleanalysisof emissions of fuels
used in transport, covering the entire well to wheel calculationsThe possibilities
costs and prices obiofuel supply are assessed using the dedicated PRIMB®mass
Supply Model which is also linked with the core PRIMES model and the transport
model, taking from them demand figures and conveying to them bienergy
commodity prices.Thus,lifecycle analysis of emissionsnd energy is performed for all
fuel types including alternative fuels.

PRIMESTREMOVE Transport model can also link with TRANSTOOLS a network
transport model with spatial information. A module handles transformation of
TRANSTOOLS mobility projections imransport activity variables handled by PRIMES.

K.3. Policy analysis focus of PRIMES-TREMOVE

PRIMESTREMOVE Transport model includea large variety of policymeasuresto
mirror in scenarios Policy targets, for example on future emissions in transporgre
constraints in scenario projections. The model endogenously determirsadrivers,

which influence restructuring in transport and substitutions enabling achievement of
the target. The model can handle multiple targets simultaneously. Market penetration
of technologies is not predefined but is a result of the model depending on economics
and behaviours. Technology learning is explicit and depends on volume of anticipated
sales.

Market penetration of alternative technologies and fuels in transport heavily deends
on successful market coordination of various agents having different aspirations. At
least four types of agents are identified:

1 developers of refuelling/recharging infrastructure aiming at economic
viability of investment depending on future use ofnfrastructure;

9 fuel suppliers who invest upstream in fuel production the economics of which
depend on market volume;

1 providers of technologies used in vehicles and transport means who need to
anticipate future market volume to invest in technology impravement and
massive production lines in order to deliver products at lower costs and
higher performance;

9 consumers requiring assurance about refuelling/recharging infrastructure
with adequate coverage, and low cost fuels and vehicle technologies in order
to make choices enabling market penetration of alternative fuel/technologies.

The PRIMES modeupports explicit analyses of dynamics of market coordination
with individual focus on stylised agents allowing for development of complex
scenarios, which may asume different degrees of success in effective market
coordination. Thus, projections of market penetration of alternative
fuels/technologies are fully transparent and include the entire spectrum of
interactions between consumer choices, technology leamg, infrastructure
economics and fuel supply.

The policy measures, whichare in the model,can begrouped in soft, economic
regulatory and infrastructure measures.
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Soft measures include the coordination between the public and the private sector,
information campaigns, certification of services and labelling, partnerships between
the public and the private sector aiming at enhancing knowledge and at using
resources mae efficiently. These kind of measures can bmirrored as factors
improving the perceived cost of technologies byconsumers thus allowing for faster
adoption of new or more efficient, but also more expensive, technologies. In the
absence of such measurethe model assumes higher perceived costs in the form of
risk premiums for new technologieswhich discourage consumers Policies that
decreaseuncertainty or risk (technical, financing,regulatory. etc.) surrounding
consumer choices can benirrored by reducing risk premium factors andby lowering
discount rates which are involved in capital budgeting decisionsimulated by the
model. The perceived cost parameters also reflect anticipation by consumers and can
vary in order to mirror the anticipation confidence by consumers of commercial
maturity of new technologies

Economic measures aim at influencing consumer choices by modifying relative costs
and prices of fuels and technologies. Thagclude subsidies and taxes on fuels,
vehicles,emissions, congestion and other externalities such as air pollution, accidents
and noise. Certificate systems such as the E&& also explicitin the model. The level
of the ETS carbon price is determined in the core PRIMES modéeasures supporing
R&Dinfluence costs and performance characteristics of new technologie$axation or
subsidisation policiesreflect policies at relatively high resolution. They are specific to
individual technologies (e.gsubsidies to BEV} apply to new versus old vehiclescan
vary by size of vehiclecan link to vehicle performance in terms of efficiency or
emissions, carhandletax exemptions (e.g. exemption from registration tax for new
alternative vehicles), canon fuels,or canvary by vehicle age etcEconomicmeasures
are also modelled for public transport (for example to influence ticket prices) and for
non-road transport. Fuel taxation is modelled through the standard excise taxes
which can be defined either in standard form, or in proportion to emissions (déect or
life cycle) or energy efficiency.

Regulatorymeasuresinclude the setting of targets andechnologystandards. EU
regulations No 443/2009 and No 510/2011 setting emission performance standards
for new passenger cars and new light commercial vehicles respectively as part of the
European Union's integrated approach to reduce G@missions from lightduty
vehiclesare explicit in the model. Tailpipe CQ emission standards measured in
gCQ/km , which apply on new vehicle registrations are constraints influencing the
consumers' choices upon purchasing new vehicle. In a similar wanergy efficiency
performance standards for all road transportmodes have been integrated ithe
model; these standards set aefficiency constraint on new vehicle registrations. The
current, as well as future, EURO standards on road transport vehicles are explicitly
implemented and are important for projecting the future volume of air pollutants in
the transport sector and determning the structure of the fleet. The model includes a
specialroutine, which simulates how the regulations imposing standards influence
supply (structure by technology and vehicle prices) by vehicle manufacturers in order
to influence consumer choices theefore allowing compliance with standards.
Technology standards are also handled in the model for nemvad transport
technologies. Targets on emissions or energy can be imposed by transport sector or
overall. Targets influence consumer choices through shad prices (associated to
each target type) which are perceived by the consumers as costs or benefits. Such
shadow prices, including carbon values, can be coordinated with the rest of PRIMES
model.

Development of refuelling/recharging infrastructure for alternative fuels (electricity,
hydrogen, LNG, CNG, etc.) is policy driven. Geographic coverage is determined as part
of the policy assumption and concern road and maritime transport. The model



simulates perception of infrastructure availability by consumersand depending on
the matching between geographic coverage and trip types availability influences
consumer choices. Investment cost recovery options are included. Transport
infrastructure changes and improvements (e.g. intelligent systems, improved
logistics) are not explicitly represented in the model but it is possible in scenario
design to mirror cost, efficiency and modal shift impacts of these policies.

. . .. K.4.Novel Model Features
#1 1 DAOE  The PRIMESTREMOVE Transport model is eompletely new design. It has
42 %- | 6 9%  substantially drawn from TREMOVE model but compared to this model the new
design has included significant new developments, which are summarised below:

1 Endogenous mileage distribution against various trigiypes

1 Modelling of several additional alternative technologies fuel types (including
several biofuel types) and energy carriersand better representation of
vehicle vintages

9 Inclusion of costperformance (or costefficiency) possibility curves for
deriving endogenoustechnology improvement for conventional and new
technologies in all transport modes

1 Detailed modellingof standards on specific Coemissions and alternatively on
energy efficiency performance of road vehicleapplying on vehicle
manufacturers and influendng supply hence choice of vehicle types

1 Integration of multiple parameters in aperceived costformulation which
captures several factoranfluencing consumer choiceincluding "range
anxiety" related to availability of refuelling/recharging infrastructur e,
commercial maturity of new technologies and anticipation of policies and
targets

9 Formulation of more general discrete choice mathematical functions which
allow representation of consumer heterogeneity through frequency
distributions (histograms)

1 Expansbn of representation of sylised trip types by type of geographic area
and connection to infrastructure

1 Expansion of the modelling of norroad transport, including fast trains, and
maritime transport

1 Connection of transport infrastructure development withmodal shifts, as well
as with cost and performance characteristics of transport modes

1 Endogenous formulation of public transport economics, ticket price derivation
and infrastructure economics including derivation of infrastructure fees

i Lifecycleanalysisof energy and emissions byuel type through linkage with
the entire PRIMES energy systems model

3SDAOEAI The model does notalculate spatial allocation oimobility as the TRANSTOOLS model
which has resolution over a detailed spatial networkspatial coveragein PRIMES
TREMOVEs stylised and is included for better modelling vehicle choice in relation to
availability of refuelling/recharging infrastructure and thus for treating trip distance
and vehicle ranges as factors influencing choice oékicle types.PRIMESTREMOVE
and TRANSTOOLS can interact with each other and exchange dataroduce
coordinated scenario projections.
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An important feature implemented in the PRIMES REMOVE transport model is the
representation of vehicle range possibilikes and the different refuelling infrastructure
development, whichinfluence the choice of vehicle technology by consumers.
Literature indicates that among the barriers for the introduction of alternative fuels
such as electricity or hydrogen are the "rang anxiety" and the lack of
refuelling/recharging infrastructure. Such barriers do not entail direct cost
implications to the consumers; they rather imply losses to their utility function.
Conventional technologies like ICEs do nateither haverange limitations nor face
scarcity of refuelling infrastructure. Vehicles with limited range capability and lack of
refuelling/recharging infrastructure are then endogenously penalised in the model
and thus the corresponding perceived costs by the consumers are inased.

Other barriers are captured through discountates, whichare meant to be subjective
and vary by consumer clas$o capture different perceptions of opportunity costs of
drawing funds by individuals. Such bariers combined with representation of
uncertainties surrounding new technologies discourage consumers in opting for
cleaner and more efficientechnologies, whichhave higher upfront costs and lower
variable running costs. The model can build scenarios inhich policies are supposed

to remove such barriers and accelerate market diffusion of cleaner technologies/fuels.
By varying such policies, in intensity and over time, the model can analyse impacts on
diffusion pace and costs arising from eventual locins.

PRIMESTREMOVE distinguishes a number of different tripypes varying according to
purpose,geographicarea and time. Average distanchy trip type has been estimated
using statistical surveysand dependson areatype (metropolitan, motorway, etc.) and
other factors. Comparing the range possibilities of a vehicle technology against only
the average trip length of a typical representative consumer is not sufficient to
capture the large variety of situationsthat exist in reality. Approaches based on
averaging fail to represent the true effects of range limitations on consumer choices.
For this purpose, the model representation of trip categories was extended by
introducing a distribution of trip lengths for each trip category of the model.

Heterogeneity is captured by assuming that a frequency distribution applies on each
trip type showing different frequencies of various tripdistances (short, long, etc). The
distributions have different shapes and standard deviations depending on the trip
nature. By taking into account the distributions, the model compares the range
possibilities of vehicle technology against each class of trip length within a trip
categoty and derives cost penalties in case of mismatch; an example of a trip
distribution histogram for motorway trips is shown in figure. The cost penalties are
aggregated as weighted sums for each consumer type, depending on the involvement
in the various trip categories and the relative distribution shapes in each category.
The numerical parameters of the model reflect strong aversion for trip cases with high
discrepancy between trip lengths and range possibilities of the
technologies.The purpose of the formulation of heterogeneity in
representation of trips is to assess the mileage performance of
specific vehicle technologies (e.g. BEVayer a fine resolution of trip
distances.Because vehicles of consumers serve various trip types
and various trip distances vehicle choice is associated tavailability
of refuelling/recharging infrastructure. Range anxiety is modelled
as cost penalisingactors, whichare endogenously calculated at a

diffusion implications of recharging infrastructure development

I I fine resolution level. The model can thus assess cost and technology

limited to urban centres versus development with wider coverage.

Km

Lack of adequate refuelling/recharging infrastructure is considered
among the major barriersof large deployment of alternative energy
carriers. Insufficient density of filling stationsor public recharging
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plugs prevents consumes from using vehicles in all trip distances and in some
geographicareas, whichimplies additional costs for the consumer if a vehicle with
such limitations is chosenPRIMESTREMOVE model captures this mechanism
through modelling of cost penalties related tanfrastructure, which enter the
economic choice modelling of consumerg he aim is to perform costbenefit analysis
of developing new infrastructure: cost of investment would be compared to benefits
in terms of externalities made possible by wider use of alternative fuelséchnologies,
which require the infrastructure. The modelling includes the following:

1 The"spatial infrastructure” module features exogenous assumptions as regards
refuelling/recharging infrastructure development and distinguishes between
different areas and trps (urban/inter -urban/short/long distance) . Trip types are
represented through frequency distributions, as mentioned above

1 The"infrastructure finance" module performs financial analysis of refueling/re -
charging infrastructure, evaluates investment and O&M costs of the infrastructure
by category,and determines fees which optionally applies on users of
infrastructure or are socialised.

1 The"market" module dynamically estimates therate of use of infrastructure
simultaneously with projection of market penetration of alternative
fuels/technologies, depending on availabilityof infrastructure and its cost of use

The modelprojects mileage foreach road vehicle typeand its distribution over trip

types and regbns.Mileage estimation is simultaneous with distribution of mobility

across transport modes and is fully embedded in the utility/cost optimisation of
consumer behaviour. Mileage distribution depends ofuel type, vehicle age, variable
fuel costs perceived costsand cost penalties related tavailability of refuelling
infrastructure , range limitation and uncertainty surrounding new technologies The
aimis to capture "real life" driving patterns of potential users of new technology
vehicles (e.g. commutirg urban trips). The availability of refuelling/recharging
infrastructure implies that the user cannot use his vehicle in all areas but only at those
covered with adequate density of filling stations.

PRIMESTREMOVEepresents a large set oélternative vehicle technologies including
conventional IC engines with various fuel possibilitiesplug-in hybrid electric vehicles
(PHEVSs), BEVs and fuel cell electric vehicles (FCEVs). PHEVs and BiEWgle
technology variants with various electric ranges depending onbattery capacity(e.g.,
PHEVs distinguishe between20, 40,80 km electric range categoriesand types with
range extenderg. Flexible fuel vehicles (FFVs) being able to run dnigh ethanol-
gasoline blends vehick types that can uséow blends of biofuels (e.g. E10, B20 etc.),
other biofuels such as biogas, bitterosene in aviation, bieheavy oil in inland
navigation are in the list of alternative technologies represented in the model
Electricity and hydrogen hawe been included in road transportor all transport means
and LNG for road freight transport and inland navigation.



Additionally, a fuel choice module
has been developed simulating the
choice of the consumer between
different substitutable fuels upon
refuelling the vehicle.For example,a
diesel caris representedas being
able to run either on conventional
diesel (with low bio -fuel blending)

or on various higher blends of
biofuels (e.g. B20, B100). The fuel
choice lies within the context of
minimizing expenses allowing policy
measures to influence the choice
towards cleaner fuelsNot all
technology and fuel options are
available in base year, but are
assumed to become available
gradually over time and reach
commercial maturity at various
degrees and at dferent future

times, depending on market uptake
PRIMESTREMOVE fully keeps track
of technology vintages for transport
means. New vintages incorporate
the latest technologies and have to
meet standards and regulations,
such as the EURO standards. Second
hand cars are included among the
possible choices of consumers; they

are represented to follow previous vintage technologies and their availability and
prices are calibrated to real market characteristics by country. Trade of second hand

Aiming at reducingvehicle tailpipe CQ emissions the regulations No 443/2009 and
No 510/2011 have setemission performance standards for new passenger cars and

Type of fuel Consumer Choice  Supplier choice Technology
Liquid Fuels N
Gasoline Blend
Gasaline
Biogasoline
Ethanol
Diesel Blend — ICE
Diesel
Biodiesel
DME
B100
JetFuel
Kerosene Turbines
Biokerosene
Fuel Oil Blend
Fuel Oil
Bicheawvy
Gaseous Fuels
Matural Gas/H2
Blend
Matural Gas — ICE
H2
Matural Gas/Biogas
MNatural Gas
Biogas
Biogas
LPG
Fuel Cell H2 =  Fuelcellelectricvehicle (FCEV)
Electricity —>  Electricvehicle
cars between counties is not included in the model.
#lh#t AO 3 0AT .
FAO WA pew light commercial vehiclesThe standards apply on average sales of car
30AT A

manufacturers. PRIMEST REMOVE modelled these standards as a constraint on
weighted average emission performance of new caiin each period simulated by the
model. A CO2 emissions label is associated to each car tygsincluded in the model.
Using projected new car sales by type as weights, the model calculates average
emission performance of the new cafleet, whichis compared against the standardIf
average performance exceeds the standard, a cost penalty applies on car costs
proportionally to the CQ; label for cars with labels exceeding thetandard. Thus,
consumers are incited to modify the mix of car types in their choes; cost penalties
increase until the standard is exactly met in each period. The modelling method is
equivalent of assuming that car manufacturers define high car prices to car types with
label exceeding the standard in order to obtain a mix of caales, whichon average
complies with the standard.The car labels defined aspecific CQemission
performance (in gCQ/km) are basedon the NEDC test cycle. In a similar way,
PRIMESTREMOVE implementgnergy efficiency standardgwith labels expressed in
toe of final energy per vehiclekm) and can also handle efficiency standards based on
primary energy or emission standards (for various pollutants) based on lifecycle
emission calculation The model can also handle cexistence of multiple car
standards. Thesame methodology applies also on heavy duty vehicles and other
transport meansto capture the effects of new regulations which may apply in the

future.



Energy efficiency improvement possibilities as an increasing function of unit cost are
represented for all types and technologies of transport means. The cesfficiency
curves are shown to change over timbecauseof autonomous (marketdriven as
~______ _ opposed b policy-driven) technical progress. Depending on scenario contexte
% /E/EE BtE JOIOA L projected carbon prices or other shadow pricesassociated topolicy targets are

Al O Al A0 modelled as drivers of consumer choices towards more efficient transportmeans,
which have nonetheless fgher unit costs.Therefore, the level of efficiency progress is
endogenous in the model and is derived simultaneously with other variables from
economic optimisation of consumer choiceslhe inclusion of efficiencycost
possibility curvesis animportant mechanismfor representing progress of
conventional road vehicle technologiesnd for capturing efficiency improvement
possibilities for trucks, trains, aircrafts and shipsThe model does not include details
about how efficiency improvement is obtainedout instead it uses a reduceeform
functional representation of progress enabled bgeveral possible changes, such as
engines that are more advancedighter materials, aerodynamic designs, etc. The
numerical estimation of the reducedform efficiency-cost arves has been based on a
series of engineering studies and laboratory testingeports, which are available in the
literature. The efficiencycost curves are also fully integrated in the dynamic
representation of technology vintages. For example if assumiphs drive early
efficiency progress then future technologies will be at least equally efficient.

PRIMESTREMOVE transport modeis linked with the entire PRIMES energy systems
model and the PRIMESBiomass Sipply model. The linkage calculats lifecycle energy
and emissions of fuels and energy carriers used for transportation.

P requirements, which correspond,to the final energy amounts by fuel consumed in
I transport. Thus, policy analysis and targets focusing on primary energy or energy
imports can be handled. PRIMES also projects greenhouse gas emissions related to
energy covering the entire chain of energy transformationslherefore, it can calculate
energy-related lifecycle emissions of transport fuels. Similar lifecycle calculations can
be handled for air pollution.More enhanced air pollution calculations can be carried
out using PRIMES model suite linked with GAINS modelABA).

. EAZAAUAT £ ThePRIMESrojects the entire energy balances and thus calculates primary energy
A

The PRIMES biomass supply model covers the entire lifecycle of #ieels and
calculates greenhouse gas and air pollution for the entire chain of transformations,
including cultivation, imports, pre-treatment, transport and conversion of biomass
feedstock into biofuels. So, calculations of sustainability indices can be performed for
all types of fuels used in transport, including mineral oil and biduels (of various

types and based on feedstock of various technology generations).

The entire PRIMES mdel suite is able to perform calculations oivell to tank, well-to-
wheel and tankto-wheel energy requirements and emissionandto handle policy
targets, standards or taxation associated to such lifecycle indicéhe PRIMES suite is
alsodesigned to simuate emission-trading markets (e.g. ETS) which can include parts
or the entire transport sector. Actually, aviation is included in the EU ETS; effects from
that inclusion on costs, prices and efficiency improvement are fully captured in the
model and obviaisly depend on ETS carbon prices.
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K.5. Demand and supply equilibrium

K.5.a.Overview
PRIMESTREMOVE solves a sort of market equilibrium between demand for transport
services and supply of trasport services

in the transport model

The model fully captures the features of demand and supply matching which prevail
in transport sector: part of the supply of transport services is carried out by the same
person who is a demander for such services; in other words, supply $plit between
self-supply of transport services and the purchasing of transport services from
transportation companies.

There are fundamental differences between selfroduction of transport services and
purchasing from transport businesses: to seiupply the service the consumer
(individual or firm) faces both capital and variable costs, where capital costs
correspond to the purchasing of transportation means, whereas when purchasing
transport servicesfrom transport suppliers the consumer faces onlyariable costs
(corresponding to ticket prices). Transportation companies also face capital and
variable costs but sell services at transport tariffs (ticket prices, etc.).

In addition, there is no capital rent in selfsupply of transport services and the
consumer chooses between alternative seupply solutions by comparing total costs,
assumingaverage cost pricingof

Transport alternative solutions. This contrasts
Demand Module prices asset by transportation

companies, whichare often based on

Generalised Price

Choice Module

Max Profit/Utility
st. K(xi) Oc
L(xi) Od

—P>{ Max Utility/Min Cost marginal costs, which may allow for
st. G(xi) Oa capital rents (e.g. aviation)Other
H(xi) Ob transportation companies owned by the
state and subject to strong price
regulation, apply average (instead of
marginal) cost pricing rules to determine
Technology transportation tariffs.

To find the equilibrium between demand
and supply of transport services,
PRIMESTREMOVE considers transport
prices as a pivot influenang both
demand and supply.

Utility/
Profit

Demand

To include external costs and also other

costs, such as congestion, the model

includes additional canponents inthe
equilibrium enabling prices whichis
termedOCAT AOAT EcDAA DOEA/
\ J transportation 6andis calculated both

Supply

Equilibrium for self-production and for business
«— )
supply of transport services.

Demand = Supply

Based on theabove-mentioned
approach, PRIMES REMOVE solves an equilibrium problem with equilibrium
constraints (EPEC) simultaneously for multiple transport services and for multiple
agents, some of which are individual consumers and other afiems, which demand
for transport services or produce transport services. The EPEC formulation also
includes overall constraints which represent policy targets (e.g. on emissions, on
energy, etc.) which influence both demand and supply. Mathematically the model
solves as a nonlinear mixed comgementarity problem.



The transport demand module simulatesnobility decisionsdriven by macroeconomic
drivers, which distribute transport activity over different transport modesand trip
types, to calculatetransport services by mode for both individualsand firms. The
decision process is simulated as a utility maximisation problerander budget and
other constraints for individual private passengeisand as a cost minimisation
problem for firms.

The transport supply module determines themix of vehicle tecmologies (generally
the transportation means), the operationof transport meansby trip type and the fuel
mix so as to meemodal transport demandat least costIn case of supply by
transportation companies, the module calculates transportation tariffs {tket prices).
Consumer or firm choices at various levels of the supply module use total costs,
inclusive of capital costs, or only variable costs, as appropriate. For example
purchasing a new car involves total cost comparisons among alternative solutionisut
choice of fuel type for an existing catr, if that is possible, or determining the rate of use
of an existing car naturally involves only variable costs. The choice of technology is
generally the result of a discrete choicgroblem, which considers reltive costs, which
optionally include factors indicating impacts on externalities.

Solving for equilibrium alsoincludes computation of energy consumptionemissions
of pollutants and externality impactsrelated to the use of transportation means.
Optionally, policy targets related to externalities (or overall efficiency or overall
emissions) may become binding in equilibrium; through the mixed complementarity
formulation of the model, such overall constraints influencell choices in the demand
and supplytransport modules.

Both the demand and supplymodules are dynamic over time, simulate capital
turnover with possibility of premature replacement of equipment and keep track of
equipment technology vintagesForesight assumptions are optional and by default
foresight is limited to two 5-year time periods.

K.5.b. The transport demand module

The transport demand module simulates the decision process of representative
agents in defining total mobility and allocding mobility to a predefined set of
transport modes and of trip types by modeThe model distinctly treatsprivate
passenger transporation and transportation driven by economic activity, such as
movement ofproducts and business tripsThe former involves individuals deriving
utility from mobility, whereas the latter involves firms needing mobility for business
purposes

Representative individuals, i.e. passengex are formulated to maximise a utility
function subject toincome constraint. Utility is derived from transport activity and by
consumption of goods and services not related to transportatiorhus,substitutions
are possible between transportation and nortransportation expenditures, when for
example relative costs of transportation increaseAllocation of income to
expenditures in transportation services and nortransportation goods and services is
derived from optimisation. The projection of income is exogenous and is based on
macroeconomic growth scenariosAllocation of income to differentutility inputs is
organised as a tree involving choices at consecutive levels.



Utility formation is formulated using anested Constant Elasticity of Substitution (CES)
function. Concerning transportatiorirelated choicesa first part of the tree involves
trip types, whichare organised as a sultree, which consecutively deals with tripshy
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The second part of the overall tredor passenger transportinvolves distribution
across transport modesof mobility by trip type . The correspondingsub-tree, allocates
nobility between aggregate transport modes, such gsublic and private, and further
down it allocates activity to more disaggregatedransport modes such as pwate cars
(disaggregated by size)tiwo wheelers, buses for urban trips, coaches for inteurban
trips, aviation, rail, inland navigation, metro and trams wherepplicable.



Activity of businesstransportation derives from cost minimisation under constraints,
which represent mobility requirements associated to macroeconomic activity, which
is exogenously projectedA nested constant elasticity of substitution (CES) production
function is formulated to simulate substitutions at consecutive levels of a tree
structure. The top level of the tree applies a Leontief decomposition of business
mobility in passenger transportation for business purposes (transport to go to work
placesz commuting trips z is included in the transport tree of individuals) and freight
transport. The nextlevelsof the tree decompose mobility by trip type, distinguishing
between geographic area types and trip distance classes. In the following tree levels
decomposition starts from aggregate transport modes (bulprivate and public),

which are further allocated to transport means such as trucks (with size
differentiation), freight trains, maritime, etc.

For both passenger and freightiransport mobility allocation differentiates trips
between trip at peak or at offpeak times. The level sticture of the trees allows
specifyingdifferent values of elasticity of substitution by leveko capture the degree of
substitutability between mobility choices. A low elasticity corresponds to choices that
are close to be complementary to each other (iather words allocation is based on
almost fixed proportions), whereas a high elasticity value signify that choices are
substitutable to each other.

The constant elasticity of substitution functional forms are calibrated to past year
statistics. The officia statistics of transport activity (e.g. EUROSTAT and DG MOVE
Pocketbook) include aggregate decomposition of activity. Disaggregation up to the
tree structure of the model has been based on transport surveys, on TREMOVE model
data and on accounting techniges (Excelbased models). Validation of the calibrated
transport demand model has been performed consisting of running the model over a
large set of different assumptions about exogenous parameters, calculating aggregate
elasticities and comparing them toeconometrically estimated elasticity values as
reported in the literature.

Generally the values of elasticity substitutions in the CES transport activity functions
are small, which implies that modal shifts are rather inflexible, as confirmed by
several anpirical studies found in the literature. Aiming at simulating longterm
structural changes, including in the mix of transport modes, the model includes a

O O EEE MA&@hnique, whichapplies on the scale parameters of the CES functions and
allows to represent the effects of policies and infrastructure investments driving
modal shifts at higher degrees than observed in the past. Intelligent transport
systems, new transport infrastructure, congestion management policies acting in
favour pf public transport in the cities, inter-modal facilitation techniques, improved
logistics, etc. are examples of interventions that can accelerate modal shifts, in
particular in favour of public transport and rail. PRIMESTREMOVE does not
represent these interventions in an exficit manner, because it lacks appropriate
spatial resolution, but it can mirror their effects on modal shifts in scenariosf
detailed transport studies have measured these effects.

The optimisation models for passenger and for business transport actiyituses unit
prices/ costs, whichare associated to each node of the bottom level of the treard
refer to specific transport modes for specific trip types These prices/costs are
calculated in the model of transport services supply. The unit costs of uppeee
levels are calculated from minimum cost functions derived from the optimisation.
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K.5.c. The transport services supply module

The transport services supply module determines the mix of transport means
technologies, the mix of fuels and the rate of use of transport meattsmeet demand
for transport services as given by the transport demand modul&.o do this a cost
minimisation model is solved which incorporates discrete choice behavioural models
at various levels. Based on the results of cost minimisation, unit prices/costs are
calculated following explicit pricing and cost accountingules, whichare appropriate
for each transport mode. These unit prices/costs maoptionally include external
costs.Demand for transport services depend on these unit prices/costs, and so a loop
is established between demand and supply of transport services.

A specifc transport means can serve for more than ongip, which have different
characteristics in terms of geographic area, peak or effeak time and distance. This is
taken into account in establishing how supply matches demand for transport services.
The unit price/cost by mode depends on the characteristics of the trips served by this
mode.

Stockflow relationships are fully captured in tracking evolution of transport means
fleet (vehicles, trains, vessels, aircrafts)The model considers stock of transport

means inherited from previousperiods, calculates scrapping due to technical lifetime,
evaluates the economics of possible premature scrapping and determines the best
choice of new transportmeans, whichare neededto meet demand. The model also
calculates the degree of using the transport means by trip type and so it calculates the
unit costs of trips. To do this thefuel mix is also choserendogenously The calculation
involves all steps and options simultaneouslyBalancing of demand and supply is
obtained for eachperiod. The choices are based on costinimisation, which include
anticipation factors.

The choicesnvolve adoption of specific technologies and fuel typesechnical and
economiccharacteristics of adopted technologiesare inherited in future times when
using the adopted technologyThe model follows a vintage capital approach for all
transport means, whichmeans that dynamically it keeps track of technology
characteristics of transport means aasrding to vintages Not only latest technologies
are available in the choice menu in a given time period; the model allows choice of
older technologies if that is permitted by legislation,which may have lower costs
thus the modelcapture behavioural inetia and also market features, such as the
possibility of purchasing second hand vehicles.

There are several factors influencing the choice of a new transport means. They
include payable and norpayable elements. The former include true payments
(internal costs) and external costs (when internalised); the latter include indirect
costs as perceived by decision makers.

True payable costs include all cost elements over the lifetime of the candidate
transport means: purchasingcost, whichis interpreted as a capital cost; annual fixed
costs for maintenance, insurance and ownership/circulation taxation; variable costs
for fuel consumption depending on trip type and operation conditions; other variable
costs ncluding congestion fees, parking fees and teldl roads.
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=  Noise
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Market
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technology
Density of
necessary
= refuelling/
recharging
infrastructure
Range
> anxiety
(electro-
mobility)
- Hidden costs

To compare candidate transport
means, a total cost index is calculated
which aggregates all cost elements on
an annual basis. Only capital costs are
upfront costs and so they are
transformed in annuity payments. The
transformation uses a discountate,
which is conceived as opportunity
cost of drawing funds by the decision
maker. It is calculated as a weighted
average cost of capital, which adds
equity capital valued at a subjective
discount rate (which is higher for
individuals and lower for business)
and borrowed capital valued at
lending interest rate.

Risk premium is also addd which has
several components differentiating
sectors (private versus public), type of
decision maker (higher risk for
individuals) and type of technology
(higher risk for yet immature
technologies). The capital cost
parameters can be changed by
scenarioand over time so as to mirror
policies and evolutions which affect
risk premium factors.

The purchasng costs of new
technologies are assumed to evolve
dynamically, according to learning
curves which depends on cumulative
sales and to technology support plicy
(varying by scenario), reflecting
economiesof scalefrom mass
production. Similar learning curves
are included for car components such
asbatteries or fuel cells.

Multiple external costcategories are
due to transportation. They refer to
congestion, accidents, noise and air
pollution and they are evaluated in
physical and monetary terms by the

model. Monetary values are based orthe Handbook oflnternalisation of External
Costs, published by the European Commission

Other factors, which do not necesarily, imply true payments bythe user butmay
imply indirect costs are influencing decisions about choice ofiew vehicles (and
generally transport means). The model includes perceived cost factors reflecting:
technical risk of yet immature technologiesacceptance factors representing market
penetration (this factor serves to simulate accelerated market diffusion)density of
refuelling/recharging infrastructure applicable to technologies usinglternative fuels
andthose that haverangelimitations..
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Market acceptance factors are used to simulate circumstances whemensumershave
risk avert behaviours regardingnew technologieswhen they are still in early stages of
market deployment. Perception of riskusually concern technical performance,
maintenance costs and operation convenienc&/hen market penetration exceeds a
certain threshold, consumers imitating each other change behaviour and increasingly
accept the innovative technologies giving rise to rad market diffusion. Both stages of
market deployment are captured in the model through appropriate values of market
acceptancefactors, whichare part of scenario designTherefore,the model can
simulate reluctance to adopt new technologies in early st&g of diffusion and rapid
market penetration, often leading to market dominance, in later stages.

The decision-making is also influenced by the availability of infrastructure and the
range provided by each vehicle technology; these features are particularly important
when new fuels or new technologies enter the market. In order to represent in a more
refined manner the tue effects of the range limitationsof somevehicle technologies
and the lack of adequate infrastructure of alternative fuels, the trip categories
represented into the modelare assumed to followa frequency distribution of trip
distances Themodel assunes that decision makerscompare the range possibilities of
each vehicle technology and the availability of refuelling/recharging infrastructurgor
all classes of triptypes and trip distancesand apply cost penalties in case of
mismatches between rangdimitations or non-availability of refuelling and trip types
or trip distances. Thus, a vehicle or fuel type may not becoming competitive because
of mismatches compared to othepptions, whichdo not present such limitations. The
mismatching considerationsdo not apply to ®nventional technologiessuch as the
ICEsand are relevant forBEVs and FCEVss well as fomlternative fuels such as
electricity, hydrogen, methane LNG biofuels, etcThe refuelling/recharging
infrastructure applies to road and to maitime transport networks and ports,
respectively.

Specific fuel consumption of each vehicle type is endogenously determined by the
model and is calculated based on the COPERiiethodology. The COPERT
methodology enables calcudtion of fuel consumption of road vehicles as a function of
their speed, which is determined by the endogenously calculated travelling time and
the average mileage of trips per type of road transport mode. The complete COPERT
methodology has been integratd into the model providing a strong analytical tool for
the calculation of the consumption of various fuels and consequent calculations of
costs. For other technologies not included in COPERT such as BEVs and FCEVs, data
from literature and other studies are used. Similar approaches have been followed in
the model to calculate specific fuel consumption by vehicle type and by trip type for
bus/coaches and forheavy-duty vehicles.

The COPERT methodology enables calculation of fuel consumption of road vehielss
a function of their speed, which is determined by the endogenously calculated
travelling time, the average mileage of trips per type of road transport mode, the
occupancy factor for passenger trips and the load factor for freight transportations.
The complete COPERT methodology as fully integrated into the model also serves to
calculate emissions of pollutants, including NQ CO, SOPM and VOC.

The calculation of fuel consumption for hybrid vehicles has been modelled in such a
way that takes into accaint the region in which the vehicle is moving. For urban
regions the fuel savings are significantly higher than in ncarban ones because of
traffic congestion and the slower average speeds that lead to more braking and thus
to more energy regenerated byle hybrid powertrain.

7 COPERT isi software program for calculation of air pollutant emissions from road transport(EEA and
JRC)



3A0A EREFERI] € Asfar as plugin hybrid cars are concerned, they are assumed to operate both as pure
electric vehicles and as hybrids. The electric operation depends on the battery
capacity, whichindicates an average pure electric mileage betweearharges. When the
battery supplies are exhausted, the vehicle switches to a hybrid mode burning
conventional fuel. Plugin hybrid types with range extending engines are also
included. The model includes pure electric vehicles as following a single all diec
operation equipped with high capacity batteries. Electricity consumption for plugn
hybrids and pure electric vehicles is being calculated using efficiency figures drawn
from literature.

The choice of technolog and fuel type when purchasing aew vehicleis represented
in the model as aiscrete choicemodel following a nested Weibull formulation.The
upper level of the decision tree includes ICE types, battetyased electric cars and fuel
cell cars. The next level distinguishes between conventional, hybrid and pltig
hybrids. Each of these car types is further disaggregated in technology types,

o regarding efficiency for conventional cars, range for electric cars, etc.
# A AAAT

New car
decision

Diesel ICE

Gasoline ICE

] . Plug-in
Conventional Hybrid hybrid

LPG ICE CNG ICE Battery Fuel cell
electric electric
Ofﬂ\ ordﬂ\ Low range/migh range
EV

impr impr EV  Medium
adv adv range EV

Conventional

Low Medium Range ord or ; Low Medium Range

range range extender impr impr fangeé range  extender

Hybrid
d
adv

The modelincludes possibility of fuel choicefor somevehicle technologies. The choice
depends onrelative fuel costsof vehicles Cost penalties apply for fuels with poorly
available refuelling infrastructure. A logistic functionis usedto calculatethe
frequencies of alternative fuel choices Forexample,a diesel vehicle can refuel with
diesel blend or pure biodiesel itechnically feasible

The capital vintage model includes normal scrapping and possibility of premature
scrapping for economic reasons.

Normal scrapping is represented using a distribution function (two parameters
Weibull reliability function) with calibrated parameters by country. The distribution
function indicates the survival probability of a vehicle type as a function of time after
date of purchase. The model includes dependence of parameter values on income
expectation,to capture scrapping rates reducing in periods of loveconomic growth
and increasing in periods of sustained growth. Fdow-income countries scrapping
rates are high but they may reduce rapidly with economic growth.




'Vehicle survival
probability

—

Higher vehicle
substitution rate

\
. \
Economic growth

Low usage rates of yet not scrapped old vehiclés
endogenous in the model through tl determination of
annual mileageby type of vehicle and by vintageThe
driver in the model is economic cost of using a vehicle;

—_— obviously costs (fuel and environmental) increase with
Economic crisis .
Lower vehicle age and mileage decreases.

substitution rate

Premature scrapping of a vehicle is ermbenous and
occurs when fixed and variable operating costs are
higher than total costs (including annuity payment for
capital) of a new vehicle. To capture other drivers,
related to behavioural features, the model uses a logistic

. ~
~~~~~

function to calculate thefrequency of premature

Vehicle age .
scrapping.

The model includes several present and futureegulations, whichinfluence choice of
vehicle technologiesThe EURO standards opollutant emission performanceare
explicitly represented in the model for all types of vehicles. The model relates EURO
standards with vehicle vintages and it specifies that only vehiclgpes, which are
compliant with the applicable EURO standardire available for choice in eachperiod.

The gandards on specific C@emissions (e.g. EU regulations No 443/2009 and No
510/2011) are modelled as constraints applying on average emission performance
over all new vehicles that are available for choicét is assumed that average specific
CQ emissions of the fleet sold by manufacturers in period must not exceed the

specific emission standard as applicable, otherwise a high penalty applies. The specific
CQ emissions of each vehicle are measured through the New European Driving Cycle
(NEDC)A CQlabel is thus associated to each vehicle type.

Average label for new registrations is computed by weighting labels by vehicle type
using the shares of each vehicle type in new registrations. These shares are
endogenous in the model and depend, amgrothers, on the costs of purchasing new
vehicles. If the average label is higher than the applicable standard, the model applies
a cost penalty on the purchasing costs of each vehicle type proportionally depending
I'T OEA AEAEAOAT AA abklArd thd #dndad.RAdthelpdréhasid A S O
costs of vehicles are modified, consumers are simulated to change the decisions and
so the mix of new registrations is modified towards a lower average label. This

process continues until average label is exactly eql to the standard.
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The model also represents other labelling policies and standards, as policy options
Energy efficiencylabels andstandardsis such an example. They can be measured
either in final energy or in primary energy terms.Mixed labelling and standards are
also possible.

Obviously,the choice of standards influence future mix of vehicles and this is fully
captured in the model. For example, very strict endf-pipe CQ standards would
equally incite battery-based and fuel cell cars, but strict final energy efficiency
standards would promote battery-based rather than fuel cell cars.

Moderate CQ or efficiency standards can be met also by conventional car
technologiesif they become more efficient. Cosgfficiency curves are modelled for all
conventional technologies (and for various technologies and vehicle types in road
transport) to represent a locus of efficiency improvement possibilities. The cost
efficiency curves have a time dimensioand have increasing slpes, which signify that
purchasing costs increase with efficiency but the incremental costs decrease over
time.

Cost of time represents a monetary valuation of travellingme, which differs between
individual and businesspassengersand also differs among transport modes
dependng upon temporally and geographicallyfeatures. Cost of time is subdivided
into cost of time for nonroad and road transport. Cost of time is expressed as the
product of travelling time and the value of timeused torepresent the value of travel
time, which differs between thetrip types. Travel time is directly influenced by traffic
congestion andfor road transport, a congestion function is used-or public transport,
cost of time dso includes waitingtime, which s also influenced by congestion.

The travelling time iscalculated with distinction between metropolitan, other urban,
motorway and other roadareas and depends on allocation of mobility to different
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trip types as calcubted in the transport demand module. Travelling time also depends
on exogenously defined parameters dendang infrastructure investment and
expenditures for the creation of parking places. Travelling time for nomoad

transport is exogenously defined, takig into account average mileage and speed.

Cost of time is included in the calculation of generalised price of transportation.

Demand for rail transport (passengers and freight) as well as substitutions between
rail and road transportation are covered in the transport demand module. The
transport supply module aims at finding the mix of train types and fuel types to meet
demand. For thispurpose,adiscrete choice methodology determises the structure of
the train fleet, by distinguishing between metro, tram, urban and norurban trains as
well ashigh-speedrail. A capital vintage approach is implemented also for raiChoice
of new types of rail transport is simulated through a logistic share function that
depends mainly on total operational costand takesinto account capital costs, fuel
consumption, emissions etc. Thetock ofexisting rail infrastructure is taken into
account through an aggregatindicator, which influences the degree of renewal of the
train fleet. The model endogenouly calculatemileage per vehicle technology, rail type
and train vintage by taking into accountrelative variable costsand the influenceof
regulations. The model includes engineeringbased formulas to calculate specific fuel
consumption by train type and vintage and thus it derives totdiuel consumption and
emissions.Costefficiency curves, conceived as reducefibrm representations of
various efficiency improving techniques, are included for train technologies.

Demand for air transport distinguishes between trip
distance classesnd between domestic, intraEU and

international flights. The air transport supply module Airplane distance classes
determines investment in new aircrafts, finds a mix of

stylised aircraft technologies, and calculates fuel <500
consumption and emissions. The model includes a few 500- 1000

stylised arcraft technologies, namely ordinary,

improved and advanced which have in that order have 1000- 1500
higher investment costs and higher energy efficiency. 1500- 2000
The efficiency possibilitiesdraw on aggregate cost >2000

efficiency curves, which are parameterized based on
literat ure data. Specific fuel consumption is based on engineeritgpe formulas,
drawn from literature, and the calculation distinguishes between distance classes of
flights. The only alternative fuel possibility is to use blends with biekerosene. The
blending rates are exogenously defined and are depending on emission reduction
objectives (signalled through carbon prices) and assumptions about biofuel supply
possibilities (which are included in the biomass supply and biduel blending models).
Inclusion of aviaion in the EU ETS is explicitly modelled.

Maritime transport refers to inland navigation and distinguishes between short sea
shipping and inland water ways, as well as between freight and passenger transport.
Vessel types refer to stylised technologies (ordinary, improved, advanced). Cost
efficiency curves capturepossible energy efficiency improvement is relation to capital
costs. Choice of fuels include conventional mineral oil, blended bioels and LNG.

A separate model projects activity and energy consumption for international maritime
bunkers. Activity is projected using a simplified world trade model covering EU
import exports with distinction of ships carrying hydrocarbons, bulk cargo and
containers. Separate drivers are considered for each category and for energy bulk
cargo the model links to energy importsexports of the EU. Allocation to EU ports is
based on exogenous parameters and time trend&nergyconsumption is based on
specific fuel consumptionfunctions, whichuse costefficiency curves to summarise
efficiency possibilities. Alternative fuels inclde bio-fuels and LNG.



K.5.d. Generalised Price of Transportation

As mentioned before, the transport supply module projects the structure of the
vehicle, train, aircraft and vessel fleet together with fuel consumption and emissions.
The calculations are based on simulatedecisions, whichcan be grouped as follows:

Normal scrapping

Premature scrapping of old stock of vehicles

Requirements for new vehicle registrations

Allocation of new vehicle registrations into different technologies

Fuel choice

Annual mileage per vehicle type andintage, whichis further distributed

by trip type.

At this stage fuel consumption and emissions are calculated. Policy driven regulations
and standards influence the simulated choices.

MMAMMAEMNREMN

The above-mentioned decisions imply expenditure for purchasing transport means,
for fixed and variable operding costs and for externalities if and where applicable.
The model calculates an indicator of unit cost of transportation by mode and trip type,
inclusive of all cost elements, the cost of timand external costs if applicable

The unit cost is based omverage costs for selbupply of transportation services and
on tariff setting rules for business supplied transportation services. The rules mirror
current practices and regulations concerning ticket and tariff setting by

transportation businesses and gearally combine marginal cost and average cost
pricing. For aviation, marginal cost pricing is assumed to prevail. For rail and road
public transport, average cost pricing is assumed with partial recovery of fixed capital
costs, depending on assumptions alu subsidies. Fixed cost recovery is distributed
across customer types using a RamseBoiteux methodology.

The calculated unit cost of transportation by mode and trip type is termed
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module where it influences demand for transportation services. The interaction
through the generalised prices of transportation ensures equilibrium between
demand and supply of transport services.

The transport demand and the technology choice modulegach an equilibrium
through the generalised price of transportation. The generalised price is determined
once the structure of the vehicle fleet is defined (at minimum cost) by the technology
choice module to meet the projected demand derived from the @ansport demand



Area

Distance classes

Metropolitan area

Other urban areas

Motorway

Short distance coverage ( < 100 km)

Medium distance coverage (3300 km)

Long distance coverage (> 300 km)

Other roads

Short distance coverage (< 100 km)

Medium distance coverage (>100 km)

Scenario context
definition
(policies, regulations,
techno-economic
assumptions)

Spatial infrastructure
module
(feeds exogenous assumptions |
on density and location of
refuelling/recharging

infrastructure)

Market regulatory module
(sets the regulatory environment (e.g.
self-regulation, regulated monopoly, etc)
for different markets (infrastructure/ fuel
supply/ automotive industry), influences
market anticipation for alternative
technologies/fuels )

PRIMES-TREMOVE

Scenario Quantification:

1 Energy demand, emissions,
vehicle fleet mix, activity, costs
externalities, etc.

1 Rate of use of infrastructure

Infrastructure finance
module
(performs financial analysis,
assesses investment, estimates
costs, remuneration and rate of
return)

module. The generalised price of transportation differs among the transport modes
and across the various trips and regions. It is also endogenously defined as a result
from an interaction between the demand and the technology choice modules.

K.6. Refuelling/recharging Infrastructure

As mentioned above, ie availability of refuelling or recharging infrastructure has an
impact onvehicle and fuel choicesAiming also at supporting costbenefit analysis,
PRIMESTREMOVENcludes a block of moduleson refuelling/recharging
infrastructure development.

The refuelling/recharging infrastructure is represented forurban, semiurban and
inter -urban categories per countryas adensity of refuelling/recharging points. The
projection of densities is exogenous and is part of scenario design.



The density of infrastructure of different fuels invarious areasis connected to agents'
travelling habits (represented through stylised hisograms of trip distances). The
combination is modelled as a driver of vehicle/fuel choice

The fuel types with explicit infrastructure modelling are grid electricity, hydrogen,
CNGgas LNG gas, LPG, biogas and liquid Hieels (when there are separate
dispensers for biofuels). Specificinfrastructure assumptions areincluded for larger
and heavier vehicles like HDVs and busesd for vessels (e.g. LNG in ports)

The infrastructure finance module calculatesinvestment and O&M costs of the
infrastructure by category, as well asevenues, whichdepend on the scenario
specification about infrastructure tariff method, funding and remuneration.Using
model-derived rates of use of the infrastructure the module calculates infrastructure
remuneration and capitd cost recovery in case exogenously assumed tariffs are
applied only to users of infrastructure Alternatively, if tariffs are socialised (i.e.
applied on all consumers), the module calculate the level of the tariff as required to
recover capital costs.

K.7. Calculation of external costs
The main external costs in transport are congestion, accidents, noise and air pollution
Physical and monetary valuation are projected by the PRIMESREMOVE model.

The external costs of congestion denote the additionabsial cost incurred to the

other users of the road infrastructure by an additional carThe model captures
congestion impacts as changes from base year values due to vehicle activity
depending on exogenously assumed changes in infrastructure. The calcubatihas
limitations due to limited spatial coverage (stylised geographical areas) of the model.
The aim of the model is to include a monetary valuation of congestion in the cost of
time indicator, which influences choices in demand and in supply of transpor
services.

Similarly, the model includes a simple calculation of impacts amccidents, whichis

based on total activity of vehicles and on exogenous time trends. The impacts on noise
are based on exogenouparameters that are differentiatedby type of vehicle and
technology.

The model calculates air pollution emissions as a function of fuel consumption,
depending on vehicle and technology typeand depending on standards. Diffusion of
pollution is not included.

Monetary valuation of externalities is basean average values drawn from literature
and from the impact assessment handbooks published by the European Commission.
The model includes possibility to internalise externality impacts in various forms,

such as inclusion of specific constraints (e.g. uppémits on physical evaluation of
impacts) or as taxation on fuels or on vehicle types defined so as to reflect impacts on
externalities. Obviously, the internalisation influences vehicle and fuel choices and
affects cost of transportation.

K.8. Measuring disutility costs

The PRIMESTREMOVE model has a microeconomic foundation and solaestility
maximisation problem for theindividuals. Whenunit price of transportation increases
for any reason consumerd @ility (as well as the transportation activity) may
decrease if substitutions are imperfectFuel price rises, taxation increase, emission
constraints etc. are among theauses, whichdrive reduction in transport activity.

In monetary terms, the utility level changes are measures following the income
compensating variationmethod. Thiscalculatesthe additional amount ofincome that



consumers wouldrequire to allow increase in transport activity to compensate for the
loss of utility due to the rise of unit price of transportation.

The disutility coststhus reflect the losses in utility due to lower transport activity) of
consumers inthe context of acounterfactual scenario compared to a baseline
scenario.

K.9. Source of data and calibration to statistics

PRIMESTREMOVE transport model is calibratetb 2005 and 2010 historical data
The main data come from tistics on passenger and freight transportation activityas
availablein EUROSTATatabasesEnergy consumption is calibrated tEUROSTAT
energybalances. Vehicle stock for road transpotis calibrated to FLEETSlatabase
andto EUROSTATRail data come fromEXTREMIS databasénitial values for
occupancy load factors and average vehicle annual mileages are derived from TRANS
TOOLS and TREMOVE databases; these initial values are furtinedified using
special routines to calibrate to EUROSTAT more aggregated dabata on vehicle
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taxes derive from DG TAXUD excise duty tablésviation draws data from
EUROCONTROL databesand maritime from IMO databases and other sources.

The split of transport
activity by transport
mode, by transport

Specific energy
consumption per vehicle
technology, age and
EURO standard
COPERT

means and the
allocation to trip types
is a complex data
treatment task. We use

Split of total activity Load factors/
per transport mode by occupancy rates
trips and purpose
(e.g. urban, business)

TRANS-TOOLS TRANS-TOOLS

Stock of vehicles per
type, technology and
age

ELEETS/EUROSTAT

a special routinethat
l usesdata from

EUROSTAT (aggregate
figures), TRANS
TOOLY split of

activity of each

Calibration outcome:
1 Adjusted annual mileage per
vehicle type, age, trip and

Annual mileage per
vehicle type and age in
vkm

TREMOVE

purpose (in vkm)
> Calibration 1 Slight adjustments on COPERT
functions to simulate country

specific real-life consumption
1 Adjusted load factors and
T occupancy rates

transport mode by
stylised area, such as
metropolitan,
motorway etc., by
purpose such as
commuting, non

Total energy Total activity per
consumption per transport mode (e.g.

transport sector (e.g.
road sector)

private cars)

working, business etc.
andtime such aspeak,
off-peak.The splitting

EUROSTAT EUROSTAT

routines also draws
from TREMOVE data.

Load factors for freight transportation and occupancy rates for passenger
transportation are simultaneously derivedin the splitting routine using data from
surveys and minimummaximum limits to capture differences by trip type. The stock

of vehicles provided by the FLEETS databageat high level of disaggregation (vehicle
size, fuel, engine size for cars and motorcycles, vehicle gross weight for trucks, EURO
standard). The specific energy consumptiorsiretrospectively calculatedusingthe
COPERTethodology, whichconsidersaverage speed of vehickeat same level of
disaggregation as the vehicle stocK.o calibrateannual mileage of vehiclest high
resolution of vehicle types and vintages, expedtriven values are used toeflect that

for exampleolder cars are lessused than new cars






K.10. Classification of transport means

Category Type Technology

Gasoline Pre ECE, ECE, Conventional, Eur¥ |
Bio-ethanol Bio-ethanol blend, E85 FFV
Hybrid Gasoline Euro IV-VI
Plug-in hybrid Gasoline Plug-in hybrid technology
Diesel Euro IV-VI

Small cars N -
Bio-diesel Blended Biodiesel

(<1.41)

Synthetic fuels

Synthetic fuels

Hybrid Diesel

Euro IV-VI

Plugrin hybrid Diesel

Plug-in hybrid technology

Battery electric

Battery electric technology

Medium Cars

Hydrogen Hydrogen fuel cell
Gasoline Pre ECE, ECE, Conventional, Eur¥ |
Bio-ethanol Blended Bicethanol, E85 ethanol car

Hybrid Gasoline

Euro -V

Plugrin hybrid Gasoline

Plug-in hybrid technology

Diesel

Pre ECE, ECE, Conventional, Eury¥ |

Bio-diesel

Blended Bicdiesel

Synthetic fuels

Synthetic fuels

(1.4-2.01) T
Hybrid Diesel Euro IlI-V
Plug-in hybrid Diesel Plug-in hybrid technology
Battery electric Battery electric technology
LPG Conventional, Euro 1V
CNG Euro 1I-V
Hydrogen Hydrogen fuel cell
Gasoline Pre ECE, ECE, Conventional, Eur¥ |
Bio-ethanol Blended Bioethanol, E85 ethanol car
Hybrid Gasoline Euro llI-V
Plug-in hybrid Gasoline Plug-in hybrid technology
Diesel Pre ECE, ECE, Conventional, Euf¥ |
Large Cars o o
Bio-diesel Blended Biodiesel
(>2.010)

Synthetic fuels

Synthetic fuels

Hybrid Diesel

Euro IlI-V

Plug-in hybrid Diesel

Plug-in hybrid technology

Battery electric

Battery electric technology

LPG

Conventional, Euro 1V




Category

Type

Technology

CNG

Euro II-V

Hydrogen

Hydrogen fuel cell

2-stroke technology,
Gasoline, biofuels

Conventional

Motorcycles Capacity 50250 cc 4-stroke technology using
] gasoline/biofuels
Capacity 250750 cc )
] or electric motors
Capacity 750cc

Moped Conventional,

Conventional, Euro 1V

Mopeds Gasoline, biofuels
Electric mopeds Pure electric technology
Gasoline Conventional, Euro V
Hybrid Gasoline LDV gasoline hybrid technology
Plug-in hybrid Gasoline Plug-in hybrid technology
Diesel Conventional, Euro 1V
Light Duty Hybrid Diesel LDV diesel hybrid technology
Vehicles Biofuels Biofuels
(<3.5ton) LPG LPG
CNG CNG
Synthetic fuels Synthetic fuels
Plugrin hybrid Diesel Plug-in hybrid technology
Battery electric Battery electric technology
Hydrogen Hydrogen fuel cell
Category Type Technology
Capacity 3.57.5 ton,
Conventional
Capacity 7.516 ton,
Conventional Methane LPG
Diesel trucks
Capacity 1632 ton, trucks (LNG) trucks
Heavy Duty Conventional
Trucks Capacity >32 ton,
(> 3.5ton) Conventional

Capacity 3.57.5 ton, Hybrid

Capacity 7.516 ton, Hybrid

Truck diesel hybrid technology , biofuels,
synthetic fuels

Capacity16-32 ton, Hybrid

Capacity >32 ton, Hybrid

Electric trucks, Hydrogen fuel cell trucks

BussesCoaches

Diesel

Conventional, Euro 1V




Category

Type

Technology

CNG

CNG thermal

LPG

LPG

Busses only Hybrid Diesel

Hybrid Diesel technology

Battery electric

Battery electric technology

Biodiesel

Biodiesel technology

Synthetic fuels

Synthetic fuels

Hydrogen Hydrogen fuel cell
Metro Metro Type Metro Technology
Tram Tram Type Tram Technology
_ Locomotive diesel
Locomotive ] )
Locomotive electric
Passenger Train _ Railcar diesel
Railcar

Railcar electric

High speed train type

High speed train technology

Freight Train

Locomotive

Locomotive diesel

Locomotive electric

Railcar

Railcar diesel

Railcar electric




K.11. Model outputs

The PRIMESTREMOVE model as the whole PRIMES suite gives standardised outputs

independently if the requirements refer to a baseline, scenario or variant; the set of
information delivered, the excel files delivered, are the same and an overview of the
model outputs may be found belowThe projections cover a time horizon up to 2050

by 5-years steps.

Model output
Transport activity

Final energy demand

Specific energy consumption

CO2 emissions TTW

CO2 Emissions WTW

Vehicle stock

New vehicle stock
Refuelling/recharging infrastructure

Infrastructure costs for charging and
refuelling

Investment expenditures
Capital costs relatedo transport
equipment

Fixed operation costs

Fuel costs

Excise duty payments

VAT on fuelpayments

CO2 tax payments

Ticket prices for public transport
Registration and circulation tax
payments

EU Emission Trading Scheme
payments

Variable nonfuel operation costs
Disutility costs

Pollutant emissions (CO, NOx, PM2.5,

S02)
External costs (congestion, accident,
air pollution, noise)

Level of detall

By transport mode, typeof transport means, by
purpose, by agentand by stylised geographic area and
by trip type

By transport mode and vehicle typeand by fuel type
Efficiency indicators for all transport means

By transport modes, vehicle type and fuel

By transport mode, vehicletype and fuel

By vehicle type and fuel type, as well as by vintage
By vehicle type

Density by fuel and by geographic area type; linkage to
trip types

Ex-post calculation based on modelling results, related
to the level of penetration of the different vehicle/fuel
types and analysis of cost recovery

By transport means, by mode and by agent

By transport means, by mode and by agent in annual
payment terms.In addition, calculation of additional
capital costs for energy and emissions purposes based
on an incremental cost method.

By transport means,by mode and by agent

By transport means, by mode and by agent

By transport means, by mode and by agent

By transport means, by mode and by agent

By transport means, by mode and bggent

By transport mode and finance balances by mode

By transport mode distinguished between household
and business expenditures

By transport mode distinguished between household
and business expenditures

By transport mode and vehicle type

For passenger and freight transport

By transport mode anddistinction by trip area
(urban/inter -urban)

By mode vehicle type and trip area

The model output is presented in the forms of excel sheets for all the modelling tools.
The PRIMESTREMOVE modeihcludes two excels files available for each country, as
well as the EU15, NM12 and EU2&ygregates



K.12. Transport activity modelling using econometric sinv. 6
K.12.a. Transport activity projections

Within the elaboration of the Reference 2015cenalio, a more sophisticated approach
for deriving the transport activity projections by each MS until 2050 compared to the
previous Reference 2013 was developed and this is the methodology for version 6 of
PRIMES. It employs a combined econometric and engima® approach for deriving
transport activity by transport mode. A considerable enhancement in the transport
sector is that it follows the territoriality principle for the heavy-duty trucks activity (in
both the past and thefuture years), reflecting trangortation activity of vehicles
circulating in the territory of the country irrespective of the nationality of the vehicle.

The econometric methodology employs a twestage error-correction model, which
correlates transport activity with GDP, fuel prices, llegth of motorways and total
length of railways. Equations (1) and (2) given below show the basic structure of the
two-stage error-correction model.
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The term (transport) i,t refers to transport activity of country i for year t, the termX;

refers to the respective explanatory variables (e.g. GDP) correlated with each activity

and the termsuis, V; are the error terms. The coefficientg ih ; are the respective

estimated short and longterm elasticities used in transport activity projections and
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relationship (1).

The activity projections have been validated using typical indicators such as activity
per capita and, where necessary, they were adjusted to yield réstlc values.

Regarding the split of passenger railways into conventional and higépeed rail, we
followed an engineering approach using as an input the expected development of the
high-speed railways network within each MS along the guidelines of the TENcore
and comprehensive network.

Regarding, aviation, the new method provides a split into international intrdeU and
international extra-EU aviation. The new econometric methodology treats separately
the two alternative types of trips due to thedifferent dynamics and the expected
increase of the international extraEU trips to emerging economies (e.g. China). The
activity projections for aviation have been validated against the most recent forecasts
provided by EUROCONTROL.

Sea freight and bunkes activity is correlated with GDP, fuel prices and international
trade. The total trade for each EU country is an additional key driver of maritime
activity. For the bunkers activity projections a panel estimation approach is applied.
The EU28 countries ae being split into 6 regions and as a consequence 6 different
panel estimations are being produced. These estimated coefficients for tbeuntries
that belong to the same regiorare used for the countryspecific projections. The panel
estimation approachis being chosen in this sector, since the bunkers activity in each
EU country is mostly affected by regional (panel specific) instead of country specific
macroeconomic characteristics.



K.12.b. Data update and calibration of the transport sector

The transport sector database has been considerably updated for the purposes of the
Reference 2015scenario.lt includes the most recent very detailed TRACC#atabase
that provides the most upto date information regarding the split of the vehicle fleet
for each EUMS. Apart from the update of the vehicle fleet numbers for the past years,
an update on vehicle taxation, maintenancand insurance has been performed.
Various sources were used to update the model database drawing from the TRACCS
and ACEA databases, theSkeplies to the questionnaires and other open access
sources.

The database for the techngeconomic assumptions has also been updated to reflect
the most recent changes and the expectations of the vehicle manufacturing industry.
The latter refer, in particular, to the expected evolution of the capital costs of
advanced vehicle powertrains such as battery electric vehicles and phiig hybrids.

The battery costs for battery electric vehicles and pluin hybrids have been reduced
in the medium and longterm due to the technical progress and steep learning curves
observed in the recent years in the battery manufacturing industry. In addition, the
additional capital costs for improvements in the conventional technologies have been
slightly modified downwards dueto the fact that manufacturers tend to absorb
engineeringrelated costs in the final vehicle price.

During the calibration phase of the model, complex routines calculate transport

related indicators such as the vehicle mileage or the occupancy and lo@dtors such
that the EUROSTAT energy balances and transport activity figures are respected. For
the purposes of the Reference scenario, the calibration routines have been modified to
include additional constraints on the actual activity oheavy-duty trucks in vehicle

km. The new constraints, even though they increased the computational complexity of
the model, yield more realistic figures regarding the activity of heavy duty trucks.

K.13. PRIMESMaritime transport model

K.13.a. Introduction

The aim of the PRIMESMaritime model is to perform longterm energy and emission
projections, until 2050, for each EU MS separately. The coverage of the model includes
the European intraEU maritime sector as well as the extrEU maritime shipping.

PRIMESMaritime focuses only on the EU MS, therefore trade activity between ndfiJ
MSis not part of the model.Aggregate trade withnon-EU countriesby non-EU
geographical zonegpermit modelling of extra-EU flows Themodel captures
competition between shortseas shipping and road freight transport. The demand for
maritime servicesdepends onfuel pricesand relative costs

PRIMESMaritime comprises ademand module projectng maritime activity for each
EU MS by type of cargo and byorresponding partner. Econometrical functiongelate
future demand for maritime transport services with economicdrivers including GDP,
energy demand (oil, coal, LNG), international fuel priceand bilateral trade by type of
product.

The supply module smulates avirtual operator controlling the EUfleet, which
performs the requested maritime transport servicesand allocatesthe vesseldo
activitiesin the various markets (the EU M@nd the extraEU areg where different
regulatory regimes may apply (e.genvironmental zones). The fleet of vessels
disaggregatesnto several categories depending on cargo tyge PRIMESMaritime
utilises stock-flow relationship to simulate the evolution of the fleet of vessels
throughout the projection period.



PRIMESMariti me solvesfor a balance between demand and supply of maritime
services with the demand and supplymodules interacting dynamically. The allocation
depends onpolicy measuressuch as fuel standards or efficiency improvement
regulations. The PRIMES/aritime model reports both the volume of trade (in tons)
and the maritime transport activity (in tkm) disaggregated by EU MS, by cargo type
and by geographical region. The model also calculates energy consumption by fuel
type and cargo type as well a€Q and other pollutant emissions. The model projects
investment costs which mainly includes new vessel purchasesnd fuel costs.

The PRIMESMaritime model operates in two modes, namely: (1) théorecasting
mode and (2) thesimulation mode. The running modes particularly refer to the
demand module, which determines maritime activity.

When operating in theforecasting mode, PRIMESMaritime performs a forecast of the
maritime transport activity by EU country following a bottom-up methodology.
Forecasting draws on econometric estimations of trade activity, in tons, between the
EU countries and each aggregate geographical area. Explanatory factors include GDP,
imports and exports of products such as crude oil, dry bulk products, crops, and
others. The evolution of oil prices is an additional criticalariable since fuel costs
represent about half of totabperating costs.

8 Ferrari, C., Tei, A. and Parola, F. (201Bacing the econorit crisis by cutting costs: The impact of low
steaming on container shipping networks Paper presented at International Association of Maritime
Economists (IAME) Conference, Taip€elaiwan, 58 September 2012
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The maritime activity derives from multiplying volumestransported by distance

North America

according to origin-destination matrix, with endogenousallocation coefficients, which
link the ports of the trading partner countries or regions. Theaccounting followsthe

South central America territoriality principle. Total maritime transport activity by EU country, in tkm, isthe
CIS sum ofactivities of the specific country.
North Africa

In the simulation mode, PRIMESMaritime dynamically matchesexogenouslydefined

SubSaharan Africa

projections of maritime transport activity by EU country. The projections come either

Middle east from the same model running in forecasting mode or from external sourceBurther,
East Asia the PRIMESMaritime model determines the allocation of importactivity among the
South South east Asic various regions and types of ships. The methodology for allocating the overall

Oceania

K.13.b. Processing of data input

transport activity to the various geographical regions and types of ships/ goods
resembles the bottomup methodology employed in theforecasting mode.

A very extensive dataset on bilateral tradeavailable by EUROSTAIE, the starting

PIETO T £ OEA 11 AAT 80 AAOAAAOAS

The product types are one of the dimensions of the databasaed a mapping account
for correspondence betweervarious cargo types and the products transportedbased
on EUROSTAT. The expanded dataset provides additional information regarding the
types of goods transported between the EU MS and the corresponding paet regions
and isthe basisfor deriving future forecasts oftransport activity by cargo type. The
product types in most countries follow the NST 2007 classificatiatHowever, in some

countries (e.g. France, Netherlands) the distinction of product typesiows the

NSTR/24 classificationdue to data limitations.

Types of products: NST 2007 classification

Product types
Products of agriculture, hunting, and forestry; fish and other fishing products

Coke and refined petroleum products

Secondary raw materials; municipal wastes and other wastes

Food products, beverages and tobacco

Metal ores and other mining and quarrying products; peat; uranium and thorium

Basic metals; fabricated metal products, except machinery and equipmie

Machinery and equipment n.e.c.; office machinery and computers; electrical machinery and apparatus n.e.c.; radio, televisimh
communication equipment and apparatus; medical, precision and optical instruments; watches and clocks

Unidentifiable goods:goods, whichfor any reason cannot be identified and therefore cannot be assigned to groups-Q.

Wood and products of wood and cork (except furniture); articles of straw and plaiting materials; pulp, paper and paper prodsg
printed matter and recorded media

Chemicals, chemical products, and mamade fibres; rubber and plastic products ; nuclear fuel

Other goods n.e.c.

Goods moved in the course of household and office removals; baggage and articles accompanyingliexs; motor vehicles being
moved for repair; other nonrmarket goods n.e.c.

Transport equipment

Coal and lignite; crude petroleum and natural gas

Other non-metallic mineral products

Equipment and material utilized in the transport of goods

Furniture; other manufactured goods n.e.c.

Grouped goods: a mixture of types of goods which are transported together

Mail, parcels

Textiles and textile products; leather and leatheproducts

unknown

2007
01
07
14
04
03
10

11
19

06
08
20

17
12
02
09
16
13
18
15
05
XXX



Types of products: NSTR/24 classification

Product types NSTR/24

miscellaneous articles G24
metal products G13
transport equipment, machinery, apparatus, engines, whether or not assembled, and parts thereof G20
cereals G01
foodstuffs and animal fodder G06
oil seeds and oleaginous fruits and fats G07
petroleum products G10
potatoes, other fresh or frozen fruit and vegetables G02
wood and cork G04
textiles, textile articles and manmade fibres, other raw animal andregetable materials G05
crude petroleum G09
iron ore, iron and steel waste and blast furnace dust Gl1
cement, lime, manufactured building minerals G14
crude and manufactured minerals G15
chemicals other than coal chemicals and tar G18
glass,glassware, ceramic products G22
leather, textile, clothing, other manufactured articles G23
live animals, sugar beet GO03
manufactures of metal G21
solid mineral fuels GO08
natural and chemical fertilizers G16
coal chemicals, tar G17
paper pulp andwaste paper G19
non-ferrous ores and waste G12

The initial detailed dataset from EUROSTAT includes bilateral trade (denotedli ) Q'Q
by type of cargo typeQ(measured in tons) between the corresponding countries'Q

and @lenoting an EU MS and eorresponding trade-partner, respectively). However,

the activity indicators (8 creasured in tonkm) are essential for PRIMES/aritime to
calculate energy and emissions. Therefore, to obtain the maritime activity in PRIMES
Maritime, the volume of gooddransported from an origin point to a destination point
multiplies the average distance between the two point$iowever, the only available
data regarding maritime activity per EU MS are available for 2005 and 2010 and split
into international -intra EU ard international-extra BU transport activity per EU MS
National maritime is part of the PRIMESTREMOVE model.

PRIMESMaritime adopts the territoriality principle for the allocation of the maritime

activity per EU MS, based on some assumptions. As regards trade of goods

between EU 28 MS (i.e. international intrdeU maritime), the transport performance
attribution is 50% to the origin country and 50% to the destination country. The same
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Liechtenstein and Switzerland) and the candidate countrie#\s regards the

international extra-EU maritime, where the corresponding partner is outside E28

and is not an EFTA or candidate country, the maritime activity is attributed 100%®

the declaring EU MS country.

A calibration procedureof PRIMESMaritime ensures retrospective simulations in
accordance withactivity statistics. The calibration involves assignment ofiverage
distancesto match statistics bytrading region based onan origin-destination matrix.
For the international extra-EU maritime, the assignment of typical distanceuses
geographic informationfor stylised trips linking the main ports of the EU country and
the ports of major extraEU countrie® that perform the majority of trade. Knowing
the typical distances, total maritime activity by EU MS disaggregateinto international
intra-EU and extraEU maritime shipping.

ohttp://www.searates.com/reference/portdistance /
(accessed on 8 March 2015)



The calibration adjusts average distances between each EU MS and the various region
partners to match activity statistics. For validation purposes, he obtained distances
compare toactual distance data obtained either from maps or fromsther sources (e.g.
EUROSTAT). The validation performs at the level of grouped activitiddo-Ro mobile
self-propelled units, RoRo mobile nonself-propelled units, liquid bulk goods, large
containers, other cargo not else specified.he splits by region or country are specific

to each cargo type.

Additional calibration procedures further split the maritime activity into Short Sea
Shipping and Deep Sea Shipping.

The international intra-EU maritime activity lies within the category of Short Sea
Shipping. However, a part of international extreEU maritime transport activity
categorizedas Short Sea Shippingefer to the movement of cargahat takes place
along coastlines on the enclosed seas bordering Europe. The calibration procedure
solely focuses on the international extraEU maritime shipping between the EU MS
and the various worldwide regions.

Measuring the voume of the vessels by EU MS is not straightforward. According to a
study?° by Oxford Economics, there are a number of ways to measure the volume of
OEA w5 MmUkdhoiedd EAI HDAO ET A1 OAAO OEEDO OEA
lies within the EU even though that they might be flagged elsewhere. Secondly,
measuring the fleet by the flag nationality is another principlewhich determines

under which state/ country the ship falls under.
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closely with the purposes of the PRIME®&aritime model, which is to simulate the
maritime transport activity for the EU MS. According to the IS&tudy 1t the major
countries controlling the EU fleet are Greece, Germany, Denmark and Italy. However,
in contrast with the general approachof EU transport modelling the maritime model
doesnot assign the fleet of vessels to the various EU MS but asssan overall fleet
serving the demand for maritime services for the EU MShis is equivalent to assume
that an operator determines the usage of the EU controlled fleet to serve the maritime
activity of all EU MS. Data regarding the volume of the EU controlled fleraw from

the Shipping Statistics Yearbook 2013 database (ISL, 2013)he base year regarding

the fleet of vessels is 201@asedon the ISLstudy, which provides data for 2009 and
2012; the data for 2010derive from linear interpolation.

The ISL study provides a disagggation of the vessel fleet into four cargo categories.
The four main categories are the tankers carrying liquid cargo, the bulk carriers
transporting dry bulk cargo, the containers ships and general cargo vessels. Tankers
further split into oil, chemicaland liquefied gas tankers depending on the type of the
liquid transported. The general cargo ships also include the RRovessels, which

carry roll-on and roll-off cargo. This further disaggregation has been possible to
introduce in PRIMESMaritime by using data from the study by Oxford Economicsn
the EU controlled fleet by type of vessel and by gross tonnage.

The available deadweight tonnage by type of vessel is also an important variable for
the purposes of the modelling, apart from the fleet of vesselBeadweight tonnage
represents the maximum permitted load of the fleet of vessels and denotes the
maximum carrying capacity of the ships.

The ISL database provides the distribution of the total available fleet of vessels and
the deadweight tonnage by agerhe distribution of the EU controlled fleet by age

10 http://www.safety4sea.com/images/media/pdf/Oxford -EconomicsECSAReport-FINAL.pdf
11|SL Shipping Statistics Yearbook



shows a differentiation depending on the cargo type of the vessel. Indeed, the age of
the bulk carriers is relatively low, compared to the other vessel types.

The evolution of the future fleet of vessel also depends on the evolution of the fleet
productivity throughout the projection period. Fleet productivity, which denotes the
amount of transport work per deadweight tonne per vessel type, is measured in
tkm/deadweight tonne. Activity by vessel typecomesfrom the calibration of PRIMES
Maritime to 2010, whereasthe values for the available deadweight tonnes come from
the ISL study. The productivity values for the base year (2010) in PRIMBaritime
model differentiate according tothe various vessel tyg categories. The average
productivit ies by type of vessehre relatively lower than the values reportedby the
IMO report. This implies that part of the EU controlled fleet and the available DWT, in
reality, provides transportation services outside EuropeTechnical featuresof vessels

The available fleet of vesseleastechnicalfeatures, which refer toaverage speed of
vesselsand to days at sea spenannually for travelling purposes. The assumptions
presented draw from the IMO GHG Study (2014). Thiata restrict the mileage that
vessels carperform per year for maritime services.

The low sulphur limits , established in the Emission Control Areas (ECA) to minimize
sulphur and other pollutant emissions from shipswould drive a significant
penetration of alternative vessel engine types using LNG. LNG vessel enginespairg
of the modelamong thealternative technologicaloptions. Capital costsfor LNG
vessels draw from literature, but may reduce in the futuredependng on the expected
installed engine capacity The model includes data ocapital cost of the various vessel
types disaggregated by size and engine typ&he capitalcosts increasewith the size of
the vessel and the power of the engin@.he values of capitabosts assumed in
PRIMESMaritime model refer to new-built vessels.Vessel costs related to energy
efficiency progressadd on top of the vessel capital costs

K.13.c. Supply- Fleet module

Avirtual supplier controlling the EU fleet of vessels providgthe transportation
services to the various markets (e.g. country specificJhe equilibrium ensures that
supply balancesthe demand for transportation servicesin every period. The available
stock of vesselevolvesdynamically through investment and retirement.

PRIMESMaritime employs a scrappage function to determine théeet of vessels of a
specific age thatare retired. The scrappage function differentiate®y type of vessel,as
average lifetime can be differentThe volume of scrapped vessels depends oneh
vessel type, the age of the vessels and the total available fleet of vessels in the
previous period.

The model takesinto consideration the second hand vesselshich allows for a more
realistic simulation of the evolution of the fleet of vessels throughout the projection
period in terms of both theefficiency improvement of anaverage vesselas well as the
associated investment costs. Data regarding the second handcges of vessels and
contracting prices for newly built shipsdraw from an ISL study.The model projects a
ratio denoting the share ofsecond hand vessels the EU controlled fleetas a function
of future prices of ships.

Fuel costsderive from multiplyin g energy consumption by countnby energy prices
which come from the rest of the PRIMES moddThe costs related to capitabplit by
MS by using an indicator reflecting the degree of operation of specific fleet types in
specific EU countries. Hence, if #hvirtual operator purchases very efficient vessalto
operate mainly on low sulphur expensive marine diesel fuel in ECA zones, then the
purchasing costcorrespondto the countries where most of the activity takes place.



The vessel choice module in PRIMBES®aritime is based on discrete choice theory
modelling. A Weibull functional form is used to determine the frequency of choice of a
certain vesselengine. The choice of fueby vessel typedepend on shortterm costs

and the technical possibilities of the vesel type This implies that a vessel equipped
with an Internal Combustion Engine (ICE) will choose the most economic fuel (RFO).
The LNGengine only uses LNG as a fudlhe higher the size of the vessel implies
higher daily expenditures for operational cats; the crew wages alone account for
about half of the total operational costsHowever, strong economies of scale prevail
regarding operational costs, especially when accountindpe vessel DWT; the same
also applies for fuel costs. Hence, the average tinost of operation,inclusive of fuel
and operational costs (in Euro/DWT), decreasefor high vessel sizesThe operational
costs in PRIMESMaritime depend onthe age of the vessel as insurance and
maintenance costhange with vessehge

The specific tiel consumption of vessels draws from relevant literature and the
TRACCS databas&he calibration adjustthese factors tomatch country statistics on
maritime activity and fuel consumption. A frequency Crigin-Destination matrix built
for 2010, serves thecalibration, showing the frequency of movements (routes) that
each vessel type and size cluster undergoes.

Several alternative fuel options are included in the energy model regarding the fuel
mix of the new vessels. The available fuel optiorege residual fuel oil, low sulphur
marine diesel oil (LSMDO), natural gas and biofuels; biofuels include particularly the
possibility of using biodiesel produced from advanced processing methods and
biomethane. LSMDO, biofuels and natural gas are fuels that complywihe
environmental regulations in ECA zones. According to the EUROSTAT energy
balances, the maritime sector consumed only fossil fuels in 2010he model can
handle future changes irthe fuel mixdepending on relative costs and regulation

The choiceof fuel mix for new vesselshasedon discrete choice theoryderives from a
Weibul functional form, which includes relative unit operation costs ofalternative
technologies(mainly fuel costs)and annualizedfixed costsfor purchasing new vessel
types. Market barriers mirroring availability of supply of variousfuels or the market
readinessof new vessel technologieslso influence the decisionMarket barriers have
the form of perceivedcosts, whichdo not correspond toactual costsput influence the
A C A id&2iiéh in the discrete choice modellingpy increasing the costs of the
relevant choices.

Regulationscan influencethe fuel mix. The strict sulphur regulations over the ECA
zones (0.1% sulphur content mandatejvould pose constraints on the use of high
sulphur fossil fuels. The model includes several alternatives to comply with the
regulation, including distillates, LNG, biofuels and other gaseous fuels.



Vessel fuel

choice
Refined Natural gas
petroleum Enai
Engine name
Residual Marine
fuel oil Diesel oil
Petroleum biodiesel LNG biomethane

based

Fuel options for new vessels iRRIMES-Maritime

The supply Fleetmodule of the PRIMESMaritime model solves the problem of
allocating in an optimal way the available vessels to the specified routes and
transports the specified quantities between the origin country and the corresponding
partner. The amount of goods t@arry betweentrade partners is an input from the
demand module of the PRIMEMaritime model. The various vessel categories in
PRIMESMaritime (i.e. tanker, bulk carriers, containers and general cargo) can
obviously transport only the relevant types of goods; meaning that a container ship
does not transport dry bulk goods.

The quantity of goods that a vessalan carrydepends on its load factor and its
available deadweight tonnage, both measured in tons. The different vessaltegories
considered in PRIMESMaritime are distinct cases ofleadweight tonnage, which
implies that their cargo capacity can differ substantially.

The allocation of the various vessels to the possible routes solves the problem of cost
minimization under equality and inequality constraints. The objective functiordoes

not include only actual costs (e.g. fuel and operational costs), but algerceived costs
which introduce penalty factors.

The penalty factorsinfluence the possibilities and the pace of compliance with
possiblestrict regulations in the ECA zoned:or example,avessel utilizing residual
fuel oil sees significantly increased costs if operatesin the ECA zones. Givehat, the
optimization problem aims to minimize costancluding penalties, theactivity of
vessels utilizing nonrcompliant fuelsincreasesin trips outside these zonesin
addition, anoil-powered vessel has the possibility to switch fuelssubject to technical
constraints, depending on the region that the vessel is travelling.

The PRIMESMaritime model allocates the available fleet of vessels to the various
trips for the transportation of the different cargo types on an annual basi®epending
on capacity and mileage consaints, it can only provide a limited number of trips of
specific distance per yearThis technical constraint takes into account the distance
between the corresponding partners and the average speed of the vesSéie model



assumes a number of hours peray that the vessel is travellingand the annual days
spent at seato account for the annual distance travelled by the vessels.

The model calculates pollutant emissions (NOx, CO, NMVOC;2BOx). Average
values draw from the TRACCS database and the I/gQdy.

The Energy Efficiency Design Index (EEDI) applies to the new ships and it aims to
promote the use of more energy efficient equipment and engines on the vessels. This
measure applies in a stepwise manner mandating specific energy efficiency
improvements byvessel, whichare supposed to tighten every five year. The reduction
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2000 and 2010. The Ship Energy Efficiency Management Plan (SEEMP) is an
additional policy, whichaims to improve the energy efficiency of vessels in a cest
effective manner. This policy does not only apply to newly built vessels but alsmthe
existing fleet of vessels when it is economically viable.

The potential efficiency improvement posdbilities take theform of cost-efficiency
improvement curves following the logic of the PRIMESREMOVE transport model.

This implies that in order to obtain an additional improvement in the average specific
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incremental amount of money reflecting engineering costs associated with these
improvements in fuel efficiency. The actual cosefficiency improvement potential

draw from literature (IMO studies 2009, 2014). Efficiency pogress is endogenous,

driven by fuel prices, environmental policiesand standards.



L.Power and Steam Generation and Supply Models

Power sector
decarbonisation is a
powerful strategy
allowing electricity

to substitute fossil
fuels in otherwise
inflexible final
demand sectors

L.1. Overview

PRIMES includes a very detailed model for electricity generation, trade and supply
and for steam generation andlistribution. The model is dynamig solving over
multiple periods (until 2050) , multi-country to capture electricity trading in the
European internal market, and marketoriented as it projects electricity tariffs by
sector/country and closes the loop betwen demand and supply.

The PRIMES power and steam model applies a sophisticated optimisation algorithm
to handle longterm simulation of power system operation, power plant dispatching,
investment in new or refurbished power plants, supply/distribution, trading and
pricing of electricity between countries and towards customers/consumers. Power
market simulation is simultaneouswith simulation of steam/heat market so as to
capture trade-offs between cogeneration and boilers, between CHP and puetectric
plants and between seHproduction and distribution of steam/heat.

The PRIMES power and steam model is rich in representation of technologies, market
mechanisms and policy instruments

E The fully endogenous investment and plant operation modelling covers all
known generation technologies (more than 150 distinct technologiesand
very detailed representation of renewable energy sources, including highly
distributed resources. Several electricity storage technologies are endogenous,
including hydro with reservoir, hydro pumping, compressedair storageand
hydrogen-based storage. Several CHP technologies and their technical
operation limits are also included.

72 Daily and seasonal variations are captured through hourly modelling of
several typical days for each yeabData for typical days include power load,
wind velocity and solar irradiance. Load demand is bottorup built from
projection of energy enduses at detailed level by the PRIMES energy demand
models. Demand side management possibilities are handled at ddéai level
based ontechnical potential and costs Highly distributed generation at
consumer premises is also included and is taken into account in calculating
transmission/distribution losses and costs.

72 Investment decisions distinguish between greetfield development,
construction on existing plant sites, refurbishment and extension of lifetimeof
plants and the building of auxiliary equipment (such as DENOX,
desulphurization, CHP, CGfady, etc.)Investment decisions also distinguish
between utility, industrial and highly distributed scales.

72 The model incorporates in detailfeed-in tariff and other supporting schemes
for renewables and simulates individual investment behaviour in RES
following project-financing considerations.

72 The PRIMES power model ifades reliability and reserve constraints, such
reserve margin constraints to address forced outages of plants or unforeseen
demand increases. The model is deterministic and handles uncertainty of load,
plant availability and intermittent RES by assumingtsndard deviations,
which influence reserve margin constraintsRamping up and ramping down
restrictions of plant operation, balancing and reserve requirements for
intermittent renewables and reliability restrictions on flows over
interconnectors are alsoincluded.



72 Flexibility and reserve to balance intermittency from renewables is ensured
simultaneously by storage(various endogenous techniques)ramping
possibilities of power plants (which influence plant technology mix) and
demand response.

72 Regulations sich as the large combustion plant directives, the (optional)
emission performance standards, the best available techniques standards, the
(optional) CCSready recommendations, the CHP directive and the Emission
Trading Scheme are fully implemented in the wdel.

72 The PRIMES power model represents the entire system of interconnectors in
Europe, as well as possible AC and DC line extensions (including optional
remote connections with offshore wind power in North Sea and with North
Africa and Middle East)

E Themodel can perform simulation of different market arrangements within
the internal European market, including market coupling, net transfer
capacity restrictions versus load flow based allocation of capacities and
others.

A novel feature in PRIMES power maal is the inclusion of nonlinear cost-supply
curves for all types of fuels, as well as for renewable power sources, for CCS and for
nuclear plant sites.

Costsupply curvesare numerically estimated functions with increasing slopes

serving to capture take-or-pay contracts for fuels, possible promotion of domestically
produced fuels, fuel supply response (increasing prices) to increased fuel demand by
the power sector, exhaustion of renewable energy potential, difficulties to develop
CQ storage areas, acqaability and policies regarding nuclear site development, etc.

The nonlinear cost-supply curves are fully included in the power investment and
plant operation optimisation.

The PRIMES power and steam model finds technology and fuel mix by minimising
total system costs over a long period of time, assuming perfect foresight (optionally
myopic foresight limited to medium term).

The PRIMES power/steam financial model is a separateodule, whichdetermines
electricity and steam tariffs by demand sector (andub-sector) so as to recover
power/steam costs. For thispurpose,the financial modelsimulates wholesale

markets, bilateral contracting between suppliers and customers and regulated tariff
setting for grid cost recovery.Electricity/steam prices are conveyed to PRIMES energy
demand models, which further recalculate demand and load profiles.

The PRIMES power and steam modedports on projection by country of power plant
capacities, plant operation (gross and net output), fuel consumption, generation from
renewables, grid losses, emissions, investment costs, operation costs and
electricity/steam prices by sector.
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L.2. Mathematical Structure
The optimisation is intertemporal (perfect foresight) and solves simultaneously

72 a unit commitment-dispatching problem
73 a capacity expansion problem and
72 a DClinearized optimum power flow problem (over interconnectors).

The optimisation issimultaneous for power, CHP, distributed steam, distributed heat,
district heating and industrial boilers and satisfies synchronised chronological
demand curves of power, steam and heat, which result from the sectoral demand sub
models.Dynamically the moctl applies a full scale capital vintage formulation (keeps
track of plant vintages until the end of the projection horizon)All types of investment
in all types of plants including storage are endogenous, as well as their operation and
consumption.

The unknown variables include

9 capacity additions by plant type (severhtypes of capacity investment);
1 extension of lifetime of plants after refurbishment, irvestment in auxiliary
equipment;
generation of electricity (or steam or heat)from plants on an hourly basis;
consumption of fuels (use of more than one fuels or blending of fuels in each
plant type is permitted under constraints);

1 emissions, C@transportation ; and storage;

1 injection or extraction from storage facilities on an hourly basisand

1 investment in storage equipment.
Theinput (exogenous) parameters include

1
1

electricity demand and elasticities,

plant fleet as existing in the beginning of projection,

planned capacity decommissioning,

known capacities under construction in the beginning oprojection,

grid loss rates,

ramping possibilities of power plants by technology,

technical restrictions of CHP plant operation,

unit costs of investmentby technology, unit variable costs, unit fixed costs,
fuel prices,

site development costs,

parameters used in nonlinear costsupply curves,

taxes and subsidies,

ETS carbon prices,

feed-in tariffs and other parameters for representing RES support schemes,
costs and potential parameterdor transportation and storage of captured C¢)
costs and potential parameters of storage technologies,

unit costs of investment in grids, unit operation costs of grids,

parameters expressing policy instruments and restrictions (nuclear, CCS,
environmental, efficiency, CHP, etc.),

parameters expressing cosbf development of smart grids,

parameters on uncertainty affecting calculation of reserve margins,
restrictions on use of interconnectors,

capacities and electrical characteristics of interconnectors,

reliability parameters on flows over interconnectas

Non-linear relationships regard the cost of access to resources, such as fuels, RES and
plant sites. Such resources are represented as upward sloping c@stpply curves

= =4 =8 =8 880 _8_9_9_9_42_9_49_4_-2_-2_-2-
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linking unit costs to cumulative exploitation. The cosisupply curves are country aw
resource specific and change over time in order to reflect changing conditions about
potential and technology.

Thefinancial and pricing model is a recursivemodel, whichincludes mixed
complementarity formulations to solve a cost allocation problem.

The equations below aim at presenting the optimization problem solved by PRIMES

hﬂhhhh 9 Oriin M ## A0 frR HO RR AYR (1)
Subject to
T Al F e g P 7 e | v (2)
[ | 4
|H+hm iLH-h I LUTEEN - O e (3)
S
T A e P> e v ik hha (4)
T R O PR e e Y A,
.
e e i | {thvha  (6)
3 R T il 2 DG
v

T fe | e | ihvia (8)
N el e 2l Di | tha  (9)

v
(0 Orameline POsd Forme L oglgwe T e | fe (10)

+
AR T B TR Y 2 | b (10)
[ | [ |

I (12)

Power/Steam in a nutshell, focusing on itessence and avoiding entering into details
that are not necessary for the understanding.

The indices™(, Qi , 0, cand Qefer, respectively, to countries, power plants,
fuels, load segments (hours), years, interconnectors aramission types
Unknown variables are the electricity productions'Q the power plant
capacitiesv, the inter-rAT OT OOU b D,th& fdel ¢ohsuniptionsQ
injections or extractions from storage‘Oand storage capacitiesYEquation (1)

is the objective function eyressing total inter-temporal system costs and
involving linear and non-linear cost function, including for fuels, RES and plant



sites, where applicable. These are denoted I3y  in which discount factors
(weighted average cost of capital) are used to tramsrm investment
expenditures in annuity payments for capital.

Equation (2) imposes balancing between demand and production, including
injection and extraction from storage and flows over interconnections. The
matrix 0 ; has 1, 0 and1 elements denotirg network topology. Demand

0 nr isexogenous at this stagequt it depends on electricity prices through
solving the model as a closed loop between demand and supgdlgt us note
that in the actual implementation,lossesand selfconsumption of electicity by
plants are also accounted for, but this is not shown in for the sake of
presentation simplicity. Also for simplicity reasons CHP, steam/heat
production plants and flows overdistribution grids are not shown.
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matrix of power transfer distribution factors (PTDH, connecting net country
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Parameter'Q ; denote power plantOlieat rate values, and so equation (4)

A A #&dthe amount of fuek consumed.Fuel blending is not shown, for
simplicity. This equation has the form of inequality constraint for intermittent
renewables, with"@  denoting hourly availability of renewable resources.

Equations (6) are the power plant capacityconstraints, whichuse planned and
forced outage rates as known parameters. For simplicity, old capacities,
decommissioning, extension of lifetime with refurbishment and distinction of
new investment cases (on site, new sites, auxiliary equipment, etc.) are not
shown.

Equation (6) imposesupper and lower bounds on flows over interconnections
to represent technical, reliability and regulatory limitations. Equation (7)
makes sure that fuel consumption does not exceed maximum available fuel
amounts, if applicable Equations (8) and (9) ensure that injection or
extraction from storage do not exceedhjection or extraction capacity and that
the amountstored in a year does not exceed storage capacity. For simplicity,
losses or electricity consumption (for example in electrolgis to produce
hydrogen) are not shown.

Equations (10) and (11) illustrate reserve margin and flexibility constraints
respectively, wherei dandi idenote system and plaribased technical
parameters.Equation (12) is an example of upper bound on emissins (Q &
being emission factors). Similarly RES obligation or security of supply
constraints can be added.

Demand responses are approximated by expressing demandas a function of
marginal prices, which are dual to the balancing constraint. For this ppose
the model is solved as a mixed complementarity problem (Kuhifiucker
conditions).



The modelformulates competition between electricity only plants, CHP, industrial
boilers, district heating and between selfsupply and grid supply. A stylizedgraph of
electricity and steam/heat supply is modelled.

Input fuels and energy forms |

v v v v v
Utility Power plants Industrial Power plants Industrial Boilers District Heating Plants Highly distributed plants
ELEC CHP ELEC CHP ELEC CHP
- Steam Heat Self-supply of
Trilr?scr::g:iyon eleit? :quzgguc;ftr ) Distribution Self;:sg:y 2 Distribution electricity
Y Y Grid Grid and/or heat
High
Voltage
grid 1
Medium
Voltage
grid _l
Low
Voltage
grid
LA i vy Vv A4 A 4
Note Electricity Electricity Electricity Steam Heat
Grid elecricity Demand High Demand Medium Demand Low Demand Demand
Voltage Voltage Voltage

— Self-supplied electricity

—>» Steam

Heat |

Energy Demand Sectors

The above graph is modelled as follows:

a)
b)

c)

d)

f)

arrows represent flows of energy which are among the unknown model
variables;

boxes represent equipment with given capacities, for which investment,
decommissioning and tracking of technology vintages is endogenous;
demand choices between sel§upply and grid-supply are endogenous based
on economics and subject to upper and lowerdunds expressing technical
possibilities;

demand choices drive supply and determine flows over the grids, hence losses
of energy (losses decrease if sefupply increases);

CHP plants can jointly produce electricity andteamor heat based on
technical possibilities represented in the model;

overall cost optimisation, subject to min and max bounds, drives competition
between CHP and boilers (it is also influenced by policies).
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L.3. Model Features
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The PRIMES database includes an inventory of all power plants in Europe. The
individual plants are grouped in a large number of categories, defined according to
fuel type, technology, CHP and scale (utility, industrial). A calibration model
determines heat rates and other operational parameters by group of plants, by
simulating the structure of power generation and consumption of fuels in past years
(2000-2010) aiming at matching aggregate figures with published statistics by
Eurostat. So the PRIMES modeéta for old plants are close to reality and thus the
model is validated.

A power plant category in PRIMES has thermal (fuel consumption function and fuel
blending possibilities), operational (gross and net capacity, ramping rates, technical
minimum, plamed and forced outage rates)age (commissioning date, refurbishment
dates, date of planned decommissioning), cost (capital cost, fixed O&M cost, variable
operating cost) and environmental (emissions, pollution prevention equipment)
characteristics. Thesecharacteristics are known for plants existing in the beginning of
projections and also for plants which are under construction and their commissioning
date is known. For new plants, which are candidate for investment, the data for plant
characteristics aredrawn from a technology forecasting database and are subject to
change over time reflecting technical progress. In futurémes, each plant preserves
the characteristicsas at construction date.

L.3.b. Investment modelling

Investment in new power plants distinguishes between two cases: a) construction on
a new site, b) construction on an existing plant site if available area allows for.
Obviously,the former is more costly than the latter. PRIMES maintains an inventory of
available plant sites, by type of technology, and projects dynamically site availability
depending on projected decommissioning and new constructions.

Optionally the model treats power plant investment in new plants as integer multiples
of generic plant sizs (which are different per plant type).

The building of equipment in the electricity and steam system requires several years.
This has important implications for planning and plant type choice. The model
considers the financial costs associated to the cetruction period but ignores the fact
that the plant types differ in construction time, which may influence plant selection in
particularly uncertain circumstances. Furthermore, under the myopic anticipation
regime, the model considers that the plants cabe constructed and immediately used
within the 5-years runtime period of the model. In this sense, the model operates as if
the current 5-years period is perfectly known by the decisiormaker.

Old plants, as well as newlants, whichare projected by the nodel, are considered for
possible refurbishment when reaching their planned decommissioning date.
Refurbishment implies improvement of technical characteristics and extension of
lifetime, and may include environmental upgrading. Capital costs of refurbishemt are
lower than cost of new investment, but the lifetime extension is limited. Exogenous
parameters reflect technical possibilities, or impossibility, of refurbishment for

certain plant categories (defined by country). The refurbishment decisions are
simultaneous with new investment decisions and are based on economics. Fixed O&M
costs are assumed to increase with plant age and this may drive premature
decommissioning under certain economic circumstances.

L.3.c. Blending of fuels

Themodel also considers the possibility of building auxiliary equipment to an existing
plant or to a new planlater than construction. Auxiliary equipment include pollution
prevention facilities (for NO,, SQ and/or for PM), CQ capture equipment and steam
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cogeneration plant extension. Regulations, emission reduction policies, carbon prices
and steam demand are drivers of such plant upgradeBuilding auxiliary equipment
implies additional capital costs and may imply reduction of heat rates of plants.
Exogenaus parameters are used to represent technical possibilities and restrictions
about building auxiliary equipment. The model also represents plartategories,

which include such auxiliary equipment at construction time. These plant types
(combustion plants with full pollution prevention equipment, CHP plant with several
CHP technologies and CCS plants with several technologies) are more efficient and
less costly than plants for which auxiliary equipment is built at a later stage. Under
good foresight conditions, it is usual that plants with auxiliary equipment at built

times are preferred for economic reasond-dowever,in other policy circumstances,
e.g.fregulations such as mandatory CCS or large combustion plant directives, it may be
economic to retrofit old plants by adding auxiliary equipment.

The model includes an endogenous possibility of using more than one fuel type in
someplant types (both in power plants and in industrial or district heating boilers)
The fuel mix decision is based on economics bute fuel mix are restricted through
exogenous upper and lower bounds. Fuel blending is used in case officimg biomass
products, or industrial by-products (e.g. derived gasand is possible in few
combustion technologies.

L.3.d. Scale of generation activity

The model put emphasis on the representation of plant efficienggostand
performance as a function of plantypical sizes. The size classes are associated to
three stylised scales of generation business, namely utilitindustrial and highly
distributed scales.Utilities can invest in large size plants and benefit from economies
of scale, while industrial power and steam producers can invest only in relatively
small size plantshave better access to steam uses and markeBistributed generation
plants are very small scale and are very costly but save over grid losses and co3ise
cost gap betweemlant sizesis consideredto decreaseover time and thus distributed
generation gradually becomes more attractiveA similar trend has been observedor
combined cycle plantscompared tolarge-scaleopen cycle plantsNuclear costs are
also supposed to decrease with scale.

L.3.e. CHP

Cogeneration is represented as an efficierftontier of possible electricity and steam
combinations from a plant. The possibility frontiers are specified fovarious CHP.
Both the choice of CHP technologs and the operation mode(mix between electricity
and steam production)are endogenousn the model. Theoperation possibilities are
restricted by feasible combination of electricity and heabutput, which are different,
by plant technology. The CHP operational constraints delimitnaximum electric
power and minimum steam combinationsas a locus of an isduel line.

L.3.f. CS

The PRIMES database includes three generic carbon capture technologies (CCS),
namely capture at postcombustion stage, capture at pr&combustion stage and the
oxyfuel technology (which consists in burning withoxygen instead of air). The generic
carbon technologies apply to a series of power plant technologies, including
conventional steam turbine plants, supercritical steam turbine plants, fluidized bed
combustion plants, integrated gasification combined cycland gas turbine combined
cycle plants. The model represents transport and storage of etBrough reduced

form inter -temporal costsupply curves, whichare specified per country.



L.3.g.Nonlinear cost curves
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L.3.h. Plant dispatching and system operation

The power model can handle preference or obligations about using domestically
produced fossil fuels (e.g. lignite) by assigning low costlues for some of the first
steps of the costsupply curves for such fuelsin the same way, the model can handle
take-or-pay obligations, for example for imported natural gasThe low cost values
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accounted for in transactions but only influence economics of fuel mi€osts used for
price determination and costs reported by the model account for actual payments
(fuel purchase costs, or fuel production costs).ow prices are attiibuted to by-
products, such as blast furnace gas, cokwen gas, refinery gas, reflecting only
variable costs

The model represents demand variability for electricity and steam/heaby including
hourly fluctuation of load in typical days (one for winter andone for summerin the
reduced model version and nine typical days in the extended model versiprData for
annual load curves, from the national TSOs and other sources, are aggregated to
obtain equivalent load curveshy typical day.

The operation of all nodelled plants and the use of energy input resources are
calculated on an hourly basis for each typical day (load segments). Hourly profiles of
intermittent renewable sources are supposed to be known at country levdload
segment synchronisation also apjés for electricity and steam/heat; this feature is
important for capturing the operation of CHP plantsaand competition between
cogeneration, boilers and distribution of steam/heat.

The model associates a demand fluctuating profile to every use of elecitycand

steam or heat included in the demand sector modebnd for energy demand in the
energy branch.Special focus has been devoted to represent various optional profiles
of recharging car batteriesBy adding up the sectoral load profiles, the model
determines aggregateload profiles by country.

Load profiles change over timeBy scenariothey also vary, depending on the relative
shares of various energy uses, the prices (which are higher for sectors witw load
factors), the degree of energy savingsfd the use of more efficient equipment) and
specialdemand side managemenmeasuresincluding smart metering. The latter
motivate battery recharging at off peak hours.

When load profiles become smoothegapital-intensive power technologies are
favoured and reserve power requirements are lower, implying lower overall costs.

The various power plants contribute to reserve power through differentiated
estimates of their capacity credits. Variable RES power plants have low capacity
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credits. In order to meet reserve power constraints, the power model may require
additional thermal power (evidently from low capital-intensive technologies, such as
gas turbines), or may invest in pumped storage (depending on maximum possibilities
and costs), or may use imporexports more intensively.Similarly, flexibility services
depend on ramping possibilities of plants. Operation and investment in storage is
endogenous and compete against investment in flexible power planSostsof
developing reserves and flexibilityservice capacitiesare calculatedand reflected onto
electricity prices, whichare set at levelgo recover total cost.

The model solution with endogenoudlows over interconnections simulatescommon
balancingand/or market coupling and operation by load segmentare synchronised
across the countries.

L.3.i. Environmental Policies
The PRIMES model computes emissions of air pollutants, suegSO2, NOx, PM, VOC,
from power generation and other types oindustrial combustion.

End-of-pipe abatement is represented in the power model: auxiliary FGD, DENOX,
electrostatic filters, etc. are options for investment associated to existing or new
plants.

Usually in thescenarios,it is assumed that according to the Large Combustion Plant
directives, all new power plants shall be equipped with such enadf-pipe abatement
devices, and so they are included in new power plant investment

Other provisions for old plants, such as transitory measures specifying maximum
operating hours for old plants, are repesented in the model as constraints on specific
plants. Possibilities for retrofitting are endogenous

The model allows for imposing ceilings on atmospheric emissions and associating a
shadow price (e.g. price of a SO2 permiffhe provisions of the IPPMirective on Best
Available Technologies are reflected upon the technical (hence economic)
characteristics of new technologies in all sectorsSimilarly, other regulations are
handled, e.g. lighting.

CQ emissions from industrial processes (norenergy relaed) are handled in relation

to industrial production of materials (e.g. cement). The model includes a marginal cost
abatement curve for reducing emissiongand CCS investment for more drastic

emission cuts. Costs for CCS for processes are determined byoaoting for capital

and variable costs. Electricity consumption for capturing is determined and adds to
total electricity demand. The PRIMES power/steam model is fully linked with the ETS
market simulation model of PRIMES and takes carbon prices from thetter. Sector
specific carbon emission constraints as well as emission performance standards by
plant type can also be handled in the model.

L.4. Data sources of PRIMES power and steam model
The PRIMES power and steam model uses the followidgta sources:

E Inventory of existing power plants in all European countries (35 countries in
total) which is based on Platts and on ESAP; the data base includes power plant
name, location, name of owner, technology type, whether it is CHP or not, fuel
burning possibilities, gross and net power capacitypollution control, date of
system commissioning, dates of possible refurbishment, indicative date of
decommissioning.

E Surveys of power plans under construction, which are qualified as plants with
exogenouslyfixed commissioning date; information by plant similar to inventory.



F Eurostat statistics (complemented using data from ENTS)EURLECTRIC and
IEA) on power capacities, power generation by fuel or by plant type, fuel
consumption.

E CHP surveys by Eurostat @mplemented by various sources and studies). The
CHP surveys are used in combination with plant inventory data and Eurostat
energy balances data to construct a complete statistical picture of cogeneration by
country. In this picture, industrial CHP includng CHP orsite is fully represented;
this modifies Eurostat data because Eurostat does not show steam production and
fuel consumption by industrial on-site CHP separatelyEurostat shows only if CHP
is selling steam to steam markets).

E District heating surveys (from associations and industry). Surveys of industrial
boilers by sector (from industry)

ENTSOe and national TSO/DSO data on electricity grids and interconnectors

Data set of technial-economic characteristics of plant technologies that are
consideredas candidates for investment. The data include: overnight investment
costs, fixed operation costs, variable costs, salbnsumption rates, fuel efficiency
curves, ramping rates, technical minimum capacity, cost of staup/shut -down,
emission factors (degending on fuel), C@capture possibilities if applicable,
technical maturity parameter (risk premium), distinction of scale (utility,

industrial, distributed). Technical data on possible configurations of electricity
and steam outputs of various CHP techtagies.All technical-economic
characteristics of plant technologes change over time. Data are based on surveys
of several studies andlatabases including IEA, VGB, etc.

E Potential of renewable energy sources for power generation. RES are classified by
technology ard also in intensity classes by country. Potential data are used to
quantify cost-supply curves. Data come from various sources: ECN, DLR, GREEN
| AOAOOGSAOh AOA8 7ET A OAITAEOU AT A OI 1 A
private databases.

E Surveys on fuel prices, fuel procurement contracts, electricity prices by sector and
by component, grid tariffs, etc.

F Data on policies: feedn tariffs, other RES supporting schemes, environmental
legislation etc.

F Underground CQ storage possibilities by ountry.

L.5. Modelling of the EU power network and market
%OOT DAAT PRIMES has two options for computer running: a) full optimisation including all
.. .. European countries simultaneously, b) separate optimisation per country with fixed
- AOE net imports, which are obtained after a full model running. The second option is used
in scenario variants in order to reducecomputer-running time.

The regional model optimisation fully incorporates all existing and future
interconnection capacities (and Net Trasfer Capacities). Electricity flows are
endogenous based on solving a DC linearized optimal power flow problem
simultaneously with all country optimisations. This means that an injection to a bus

(in the model a country node) is propagated to all interconecting links. When
interconnection use is at capacity limit, marginal costs differ by node (country).
Interconnectors have limitations based on thermal capacity and feature reactance and
resistance.
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constraints can be approximated by some linear constraints in transmission
networks, and then OPF reduces to a convex program.

New interconnectors to be uilt in the future are projected based on planning by TSO

or on exogenous plans (e.g. Sup@rid, etc)0 T x AO KI xO EI
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Kow in a DGIink . Additional constraints mirroring Net Transfer Capacities or other
reliability constraints can be introduced.The choice of DC stems from anticipating a
possible evolution of the European grid, where a DC backbone could act as a highway
network that would bring renewable energy (produced in remote sites such as in

North Sea and in North Africa) to the big load egres of the continent.

This regional modelling approach can be also optionally used to study market
coupling policies or common balancing with coordinated management of
interconnectors. PRIMES can solve the power system model simultaneously by region
(alternative regional configurations are possible, usedefined), with endogenous

links between regions, whichindicatively are the following:

1. Central Western Europe : France, Germany, Belgium, Netherlands, Luxembourg,
2. Central South Europe : Switzerland, Austria, Italy, Slovenia, Malta

3. Eastern Europe: Poland, Czech Republic, Slovakia, Hungary

4. Nordic and Baltic : Norway, Sweden, Finland, Denmark, Lithuania, Estonia, Latvia,

Kaliningrad

o 0

Iberian : Portugal, Spain
South East Europe: Romania, Bulgaria, Greece, Adhia, Croatia, Bosnia &

Herzegovina, FYROM, Serbigosovo-Montenegro, Turkey
7. British islands : UK, Ireland

External links (with exogenous orendogenousnet imports): Russia, Ukraine,
Moldova, Belarus, Morocco, Middle East and North Africa (by country)

L.6. List of plant technologies

Solid fuel power technologies ‘ Gas firing power technologies
1. Steam Turbine Coal Industrial 1. Steam Turbine Gas Industrial
2. Steam Turbine Coal Conventional 2. Gas Turbine Gas Industrial
3. Steam Turbine Coal Supercritical 3. Gas Combined Cycle Industrial
4. Fluidized Bed Combustion Coal 4. Steam Turbine Gas Conventional
5. Integrated Gasification Combined Cycle Coal 5. Gas Turbine Combined Cycle Gas Conventional
6. Pulverized Coal Supercritical CCS post combustion 6. Pak Device Gas Conventional
7. Pulverized Coal Supercritical CCS oxyfuel 7. Gas Turbine Combined Cycle Gas Advanced
8. Integrated Gasification Coal CCS post combustion 8. Gas combined cycle CCS post combustion
9. Integrated Gasification Coal CCSqumbustion 9. Gas combined cycle CCS pre combustion
10. Integrated Gasification Coal CCS oxyfuel 10. Gas combined cycle CCS oxyfuel
11. Steam Turbine Coal Industrial 11. Internal Combustion Engine Gas
12. Steam Turbine Lignite Conventidna 12. Peak Device Gas Advanced
13. Steam Turbine Lignite Supercritical 13. Small Device Gas
14. Fluidized Bed Combustion Lignite Biomass firing power technologies
15. Integrated Gasification Combined Cycle Lignite 1. Steam Turbine Biomabkwustrial



16.
17.
18.
19.
20.

Pulverized Lignite Supercritical CCS post combustion

Pulverized Lignite Supercritical CCS oxyfuel
Integrated Gasification Lignite CCS masnhbustion

Integrated Gasification Lignite CCS pre combustion

Integrated Gasification Lignite CCS oxyfuel

Oil fir

ing power technologies

1
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. Steam Turbine Refinery Fuels

. Gas Turbine Diesel Industrial

. Steam Turbine Fuel Oil Conventional

. Peak Device Dieggbnventional

. Steam Turbine Fuel Oil Supercritical

. Fuel Oil Supercritical CCS post combustion

. Integrated Gasification Fuel Oil CCSgarabustion
. Internal Combustion Engine Diesel

. Peak Device Diesel Advanced

0. Small Device Light Oil

2
3
4
5.
6
7
8
9

. IG Biomass CC Industrial
. Steam Turbine Biomass Solid Conventional
. Peak Device Biogas Conventional

High Temperature Solid Biomass Power Plant

. Peak Device Biogas Advanced

. Small Device Biomass Gas

. MSW incinerator CHP

. Internal Combustion Engine Biogas

‘ Nucl

ear technologies

1.
2.
3.
4.

Nuclear fission second generation
Nuclear fission third generation
Nuclear fission fourth generation
Nuclear Fusion

| RES

technologies

1.

Boilers for industry and district heating

1. Fuel oil boiler
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. Coal boiler

. Lignite boiler

. Diesel oil boiler

. Gas boiler

. Derived gas boiler

. Biomass boiler

. Waste energy boiler
. Biogas boiler

0. Electricboiler

1. Hydrogen boiler
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6.

. Hydro with reservoir
Hydro Pumping
Compressed Air Storage

Hydrogen from electrolysis using RES

Power to gas technology

Hydrogen from electrolysis to mix in gas supply

e =
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19.

Wind Power Low Resource

. Wind Power Medium Resource

. WindPower High Resource

. Wind Power Very High Resource

. Wind Offshore Power Low Resource

. Wind Offshore Power Medium Resource

. Wind Offshore Power High Resource

. Wind Offshore Power Very High Resource
. Wind small scale

. Solar PV Low Resource

. Solar PV Medium Resource
. Solar PV High Resource

. Solar Thermal

. Solar PV Very High

. Solar PV small scaleooftop
. Tidal and waves

. Lakes

. Run ofRiver

Geothermal High

‘ Cogeneration technologies

Indus

trial CHP Plants (by industrial sector)

|

1. Coal

N o oA WD

. Lignite

. Natural Gas
. Derived gas
Oil

. Biomass

. Waste
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Combined cycle with extraction
Combined cycle with Heat Recovery
Backpressure steam turbine
Condensing steam turbine with post firing
Condensing steam turbine of large power plants
Gas Turbine with heat recovery
Internal combustion engine with cogeneration
Others - backpressure steam for district heating
Fuel Cell

. Very small scale Gas Turbine with Heat recovery



lllustration of the power -steam production possibilities
of cogeneration technologies as represented in PRIMES

Possibilities of joined production of electricity and steam
by CHP plants (area ABDC)

Electricity Line-1
Qutput in MW

~

A Line-2

B Line-3

Line-4 ™

4 Steam Output

in MW

L.7. Technology Progress

The technicaleconomic characteristics of technologies are assumed to change over
time (as a result of R&D and eventually economies of scale in mass productiofe
rate of change otechnicaleconomic characteristics over time is an assumption of the
modelling which may be altered depending on the scenario

Unit Shortterm Depending on the scenario, learnindpy-doing and
Cos Cost supply curwv economies of scale effects are introduced in the
guantification of technicaleconomic parameters for
both demand and supplyside technologies.
However, the PRIMES model does not include fully
endogenous learningby-doing mechanismin the
Costeurv power sector model(because ohon-convexity
problems) but handles learning in thedesignof
Quantity of arenewable resourc scenariosand by modifying parameters expost.

Long run

Technology progress is also assumed regarding the cost gap between technologies of
different scales for example smaHscale wind vs. largescale wind parks.Scale
economics are also included througlhe representation of plants differently by

stylised scale {.e.uutility, industrial, distributed ). A plant at industrial scale has worse
economics than plants at utility scale but benefits from possibilities of using CHP and
performing self-supply. Highly distibuted plants, located at consumer premises, are
more expensive as they lack economies of scale, but bring benefits by avoiding grid
costs and losses. These mechanisms are simulated in the model.

L.8. Investment and Renewables

2%3 Pi Investment in new RES plants and operation of RES plants are fully endogenadlise
stochastic or variable RES (wind, solaPV, solar therma) small hydro,tidal wave) are
represented as adeterministic equivalent power capacity: nominal capacity is
reduced according to he yearly resource availability rate and is assumed to operate
hourly at a share of nominal capacityaccording toexogenousresource availability
statistics by hour.



The hydro resources are consideredispatchablebut constrained by yearly available
water flows: the model shows that they are used at peak hours until water constraint
is met.
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nominal capacity. It varies by country and scenario depending on total deployment of
variable RES: capacity credit decreases with RES quantity deployed and differs by
country depending on assumptions about dispersion of RES sit€3apacity credits
enter the reliability or reserve power constraints: in case of large development of
variable RESthe model determines investment in lowcapital-intensive thermal

power plants (backup) in order to meet reliability and reserve power constraints.
Thus costs increase and the competitiveness of variable RES decrease.

Flexibility of the power system to bdance fluctuating RES is endogenously built and
reflected on investment as ramping possibilities differ by plant technology.

Large-scale storage is endogenous in the model (hydisasedpumped storage air
compression and hydrogenrbase storag¢: dependingon economics, storage
simultaneously smooth load and accommodates transfer of RES energy from times
when RES availability exceeds load to times when RES is insufficiently available

The model represents possibility for producinghydrogen from electrolysis and

blending hydrogen with natural gas (up to a maximum share of 380%). In case of

high RES development, hydrogen production, assumed to take place at off peak hours,
helps smoothing out the load curve, relaxing reserve power constraints and hence
allowing for more variable RES capacities

Regional power marketoperation under interconnection constraints also help
development of RES capacities and is simulated by the model (common balancing)

Cost of direct (shallow) connection of RES plants (wind, solar) with the grid are
assumed to be included in the unit investment cost of RES technologies; this is also the
case of offshore wind (assumed to develop at small distances from the coast). For
remote wind offshore,the model explicitly considers grid development for
connection.The model formulates impact of stochastic RES on power grid investment
and costs, distinguishing between offshore wind, onshore wind, solar PV and the level
of decentralisaion.

Non-linear cost-potential curves for renewable resources (unit cost dependn

guantity and time) reflect difficulty of getting access to resource, availability of sites,
acceptance, grid connection difficulties, performance and for biomass land and sta
energy resource availability Data on Potentials from: ECN (Admiré&kebus database),
DLR (database), GreelX, RE€020, Observer, national sources, various studies and a
special data collection for biomass resources

Investment in RES is projected on @momic grounds as for any other technology. The
relative competitiveness of RES depend on technology progress (change of technical
economic characteristics over time)and onpolicies supporting RES directly or
indirectly.

The unit cost of RES energy prodtion is composed of the annuity payment for

capital (depending on WACC and risk premium), the fixed O&M cost and the variable
cost, where capital and fixed cost are divided by the number of yearly hours of full
capacity production, which depends on the resurce availability rate. The capital part
of the cost of RES investment as perceived for decision making (not for actual
payment) is increased by a rate reflecting the notinearly increasing costpotential
curve, which may change by scenario according essumptions about RES facilitation
policies.



Building aRESplant on an existing site (after RES plant decommissioning) is
considered to be cheaper than investing on a new sit&hus, the model captures the
fact that replacement of obsolete RES plants isuth less expensive than building a
new RES plant.

For the biomass resources and commodities the model determines prices which span
the whole chain of activities and processes for producing and transforming feedstock,
reflect the possibly increasing cost of land use (for crops) and obllecting wastes and
price-setting components which reflect competition (for example pricing relative to

RES Feedin tariffs: power purchasing agreements.

RES Obligation: in power generation a certain percentage
of electricity generated must come from RES (modelled as ¢
constraint).

RES blending obligation : fixed blending rate of biofuels for
transportation liquid fuels or for distributed gas.

Green certificates, Guarantees of Origin or generally

RES objectives a RES shadow value is introduced (in
power generation and/or in other sectors) providing a price
signal to decision makers for getting benefits from RES; the
level of the RES value changes iteratively until the desired
volume of green certificate or of the RES target are
obtained; when iterating by keeping the same level of RES
value across sectors ira country or across countries, the
model can simulate RES certificate trading or other forms of
RES obligation exchanges between countries. Higher RES
values mirror more enabling policies for RES penetration.

RES facilitation policies : meant to include ations,
scenario-specific, which increase RES potential and make
cheaper the access to potential (reflected onto the
parameters of the costpotential curves).

Note: RES as % of gross final energy is handled by PRIMES
as a target, either by sector, or counyror EUwide.

substitute fuels).
Direct RES subsidies reduce unit cost of capital or commodity prices (for biomass)

Feedin tariffs are modelled as power purchasig agreements and they are subject to
budget constraint (by RES or overall). Investment in RES under fe&dtariffs is
modelled separately by simulating investment decision on individual projects based
on pay-back period calculated given the feedh tariff amount. The model calculates
the probability of individual investment as a function of feedin tariff level. This
mimics project finance accounting for RES investment. Payment for fe@dtariffs
under long-term PPA is fully accounted in the modeReverues for these payments
are based on a special RES levy, applied directly on consumer tariffs. The amount of
the levy is endogenously calculated as a difference between RES faethriffs and
marginal system costs (known from simulation of wholesale markef) since RES
displace fuels used by thermal generation.

Green certificates or renewable obligations are explicitly modelled asonstraints,
which act on top of other support measures.



When the entire PRIMES model is used to determine distribution of a rewables

target across sectors, including the power sector, the amount of generation from
renewables in the power sector is unknown. To find the distribution across sector, the
model introduces a shadow price of renewables obligations by sector, assumesttha
this shadow price is equal in all sectors and varies its level until the overall RES target
is met. The shadow price of the RES obligation is calledR&Svalue (e.g. EUR/MWh
from RES)and can be interpreted as a virtual subsidy to generation from RES.

In power generation RES investment decisions are treated simultaneously with
system operation and reserve constraintsas well as with grid operations and costs
which indirectly influence RES competitiveness

RES curtailment is endogenous and depends onasmomics of the system without
affecting payments to RES owners under power purchasing agreements.

lllustration of using PRIMESto simulate conjoint development of renewables
and the EU network (super -grid) at a large scale
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L.9. Investment and Nuclear Ene rgy

Investment in nuclear power is treated as an economic decision. Nuclear deployment
depends on electricity demand, load profiles, economic features of competing
technologies and carbon pricesNuclear decisions, taken together with all other

power plant decisions, fit within least cost capacity expansion to a loagrm horizon

(@]
p>
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(under perfect foresight) and within least cost unit commitment and is influenced by
policy drivers for example by carba prices.

Investment decision on nuclear distinguish between:

72 Extension of lifetime of an existing plant (involves investment cost lower than
for a new plant)

72 Building a new nuclear plant on an existing site, if such possibility exist
(investment cost is bwer than for a new site)

72 Building a new nuclear plant on a new site (Greenfield development)

The unit cost of nuclear plant investment differs by country depending on economies
of scale experienced in nuclear industry: it ranges from firsbf-the-kind investment
costs for countries that may invest in nuclear for the first time to investment cost
levels corresponding to high economies of scale. The unit cost of investment depends
on the nuclear technology: second, third and fourth generation technologieser
represented in the model databaseRegarding new nuclear plants, In PRIMES, nuclear
second refers to generation Il reactors until 2015 and will include after 2015 the
commercially most advanced reactors (e.g. EPR, AP, VVER 1200) currently
summarized unde generation Il and Ill+; nuclear third refers to the remaining set of
generation lll+ reactors and nuclear fourth refers to generation IV reactors.
Technology progress over time is representedifferently by nuclear technology The
unit cost ofinvestment take into account costs for future decommissioning (15%
provision). Variable and fuel costs of nuclear power take into account waste recycling
and disposal costs

The lifetime of old nuclear plants is set as specified in their license and isterdable
upon investment. New nuclear plants are supposed to have lifetime of 40 years,
extendable after investment.

The model can represent the following possible policy constraints on nuclear
investment:

No nuclear in the future

Phaseout of nuclear

Fixed decommissioning dates for specific plants

Permission of extension of lifetime (as economic decision or as a
decided policy)

Permission of investment only on existing sites

Upper bounds on nuclear expansion

No constraints on nuclear expansion
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To reflect gowing cost of developing new nuclear sites, the model includes site
specific cost elements, which differ by country and evolve over time (or set as a
scenario specific assumption)These costs are based on cegbtential curves, which
apply only for Greerfield investment and are nonlinear with increasing slops.
Policies aiming at higher nuclear are represented by shifting the nuclear cest
potential curve to the right (lower cost for equal potential).

The PRIMES model database includes a detailed inventarfynuclear power plants
that are in operation in Europe and their characteristicand includes new nuclear
projects, whichare under construction or in consideration.

L.10. Investment and CCS

CQ capture, transportation and underground storagg( CC$is one of the possible
meansof reducing CQ emissions from combustion of fossil fuel$n power plants and
in industry . Driven by emission reduction target or by carbon pricing, CCS (if
considered available at a certaiperiod and countriesas part ofscenario



assumptions) competes with other means, such as carbon free power generation
(renewable energies, nuclear), the fuel switchingpwards low emitting forms and the
reduction of energy consumption.

The power plants with carbon captureare more expensve in terms of capital
investment and operation costs than similar plants without carbon capture. Moreover,
their net thermal efficiencyis muchlower, since carbon capture needslectricity to
operate.

The costs of transporting and storing C&are modelled through non-linear cost curves
by country, bounded by storage potential (set exogenously for each scenario per
period). Costs increases with quantity storedData come from TNO and JRC.

It is assumed that Cetransportation and storage are offered by reglated monopolies
operating by country (CQ exchanges between countries are mot modelled in the
current model version). Investment is considered as exogenous and varies by
scenario. Transportation and storageactivities operate under strong economies of
scale, bear very high fixed costs (and small variable costs) and face high uncertainty
about future use of infrastructure. Prices for transportation and storage services are
determined based onlevelized total development costs and investments over time on
an anticipated cumulative demand for the service

Public acceptance issues and other uncertainties are expressed through parameters
shifting the costsupply curve to the left and up (making more expensive thgervice
and lowering potential).

Scenarios involving delays in CCS development may be simulated by introducing
particularly high storage and transport costs for a limitedperiod.

The pilot CCS plants envisaged for 2020 are assumed to have reserved spesifed
for CO2 storage at rather short distances with small marginal costs for storage

The CCS investment decisions are integrated within the PRIMES subdel on power
and steam generation. The CCS technology for power plants is represented in two
ways: a) as typical new power plants enabled with CCS considered as candidate for
investment, b) as auxiliary technologies candidate for retrofitting existing power
plants or plants built (endogenously by the model) without initially having the CCS.

This flexible representation allows assessment 01‘ vquous policy options, as for
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L.11. Financial and Pricing Model for Electricity, heat and steam

The financial power/steam model operates after the run of the power/steam
optimization model.

The first step is to calculate in detail all costs of power and steam/heat production,
based on the results of the power/steam optimization model. The costseparately for
electricity, steam and heatare calculated as time series and include:

a) Capital investment costs: total investment expenditures and annuity payments
for capital calculated using a weighted average cost oépital, which mirrors
business practicesand differ by plant sale, i.e. utility, industrial and
distributed. Capital costs of horyet amortized old plants are included.



b) Variable costs which include variable operating, fixed maintenance, fuel costs
and payments for fuel taxes, emission taxes and ETS auction payméhts

c) Costs of electricity supply and trading (by country and by voltage category)

d) Total system payments for direct subsidies or power purchasing agreements
(feed-in tariffs) for renewable plants.

e) Other costs including for public service obligations if applicale.

f) Grid costs, separately by grid typecalculated acording to aregulated asset
basismethodology, which includes capital costs of old infrastructure, cost of
new investment and operating/maintenance costs.

The electricity prices in PRIMES arealculated in order to recuperate all costs
including capital and operating costs (and possible stranded investment costs), costs
related to schemes supportingrenewables, grid costsand supply costs.

The next step aims atdetermining the electricity (and steam/heat) prices by category
of customer (sectors and suksectors of demand). Each customer type has a load
profile, which is calculated in the PRIMES demand mode#md partly the customer
may be selfsupplied. The aim is to allocate variabldixed, and capital costs as well as
grid and other costs to each category of customers as it would be resulting from a
well-functioning market in which suppliers would conclude efficient and stable
bilateral contracts with each customer category based on the spiic load profile of
the customer.

To do this, the following calculation steps are performed:

a) Simulation ofvirtual wholesale energyonly markets by countryin order to
estimate marginal system prices reflectingfuel marginal costs

b) Calculation of margiral long-run costs of the system, including capital costs by
vertical time zone of the marginal plant, in order to allocate capital costs to
customer-types according to their load profiles; this step can be used to
estimate capacity remuneration which is eentually needed to address the
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performed in the first step.

c) Allocation of costs of energy losses in transmission and distribution to
customer types according to their connection twoltage categories depending
also on the share of demand covered by grid electricity (sesupply is
excluded).

d) Matching of load profiles of customertypes with the duration curve ofsystem
marginal pricesincluding long-run capital cost componentswith customers
sorted in descending order of their load factomimicking bilateral contracting.
Calculation of payments by customer category and comparison to total
recoverable costs.

e) Calculation of fixed capital/maintenance costs not recovered from prices
determined in previous step. Inclusion of possible other cds, such & costs
for public service obligations, ancillary services, etc. Allocation of these
remaining fixed costs to customer categories using a Rams8piteux method:

12 |n case of ETS with free allocation of allowances, the cost calculation considers that allowances hawve a
opportunity cost, based on ETS carbon prices. Depending on the scenario, the model allows for assuming
that part pf this opportunity cost can be passed through to consumer tariffs, depending on the intensity of
market competition.



a mixed complementarityproblem, which allocates fixed costs at inverse
proportions of assumed priceelasticities by sector. At this stage, cost marlap
factors (positive or negative) are exogenously added to reflect different
market circumstances and regulatory practices, including pce regulations,
pricing below total recoverable costs (which is the case in some countries),
pricing above recoverable costs due to market power, practices of cross
subsidization between consumer categories, etc.

f) Calculation of revewues of RES supportingechemes and comparison to
payments, in order to determine a RES levy to be paid by customers. Revenues
of RES are estimated based on sheterm marginal system costs calculated in
the first step of the processto reflect marginal fuel costs displaced by tha use
of RES. The level of the RES levy may vary by customer category depending on
policy assumptions.

g) Grid costs are recovered from grid use tariffs determined by customer
category, depending on connection to voltage category. The grid tariffs are
calcuated as levelized longterm prices as required to recover regulated asset
basis, using an assumed discount rate which mirrors regulation practices in
the different countries.

h) Calculation offinal end-user prices by sector based on price of virtual
bilateral contracting, allocation of remaining fixed costs, grid and losses tariffs,
RES levy, etdrecovery of total system budgets ensured depending on
assumed markup factors on costs

i) End-user excise tax and VAT rates are added to electricity prices. Thgs&es
are transmitted to PRIMES demand models.

Prices of distributed steam and heat follow a similar, but simpler, methodology.
Recovery of costs of steam and heat distribution networks is based on tariffs
calculated as levelized prices using regulatedsaet basis The price of steam produced
by CHP is calculated based on opportunity costs: they reflect the marginal cost of
avoided boiler use.

L.13. Smulati on of Oligopoly Competition in Electricity Markets

- AOE To study regulatory issues related to market competition at national and EU levels,

#1 1 PAO

- T AAI

6

the PRIMES model uses a maodified version of the power/steam model.

As mentioned above, the standard power model solves least cagitimization, which
corresponds to perfed long-term market competition. Electricity prices computed on
this basis reflect longrun marginal costs. In these conditions, investment schedules as
projected by the model exactly match demandndreserve and flexibility

requirements and investors fully recover capital costsStudying regulatory policies
requires dealing with possible market imperfectionsand situations where investors
may not fully recover capital costs unless exercising market power or receiving
capacity remuneration.

The market compettion version of the power/steam model introduces competition
between generation and supply companies, which are explicitly represented as
owners of plants and potential load serving entities in some countries. The number of
companies actually competing ireach national market (optionally in each regional
market) indicate the intensity of competition. Each company is supposed to act
according to Cournotbehaviour under conjectural variations. The model finds a Nash
equilibrium when solved. Conjectural varidgions include parameters, whichcan
represent a variety of competition regimes, ranging between quasi perfect
competition, supply function equilibrium, pure Cournot and monopoly competition.



Investors consider plant investment as a project financing probla and decide upon
implementing the investment if the internal rate of return exceeds a certain threshold.
The return depends on earnings based on system marginal prices and on eventual
capacity remunerations.Uncertainty factors mirroring poor predictabili ty are
introduced in the investment appraisalcalculations, whichcan be varied by scenario.
The model does not allow unmatched demand and supply, as it assumes that system
driven open-cycle turbine plants become available in case of market failure to cave
demand; such investments are paid as part of system charges.

Trade of electricity between countries is driven by differentiation of system marginal
prices between countries (or regions) and the model formulates arbitragers (traders)
which take profit from price differentiation by transferring electricity between

country nodes as much as allowed by the interconnectingystem, which is
constrained by the Kirchhoff law,and possible regulatory/reliability restrictions.
Transmission system operators are alsmodelled as owners of interconnectors with
behaviours seeking rents from interconnection congestion. Traders and suppliers are
formulated to anticipate such congestions by seeing the marginal rents.

Electricity prices are not exactly reflecting longterm costs as they depend on market
competition intensity; in other words cost mark-ups are endogenous in this model.
Hence, demand response is also endogenous and this constitutes in fact the main force
of mitigating market power. Demand is modelled as havingavying price flexibility by
sector.

The market competition power model of PRIMES can handle asymmetric capacity
adequacy policies in the EU as well as harmonised policies. The model has been
successfully used in studies on capacity remuneration schemes file European
Commission.
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L.14. Power sector sub -model of PRIMESVersion 6

The version 6 of PRIMES includes significantly enhanced version of the power sector
sub-model of PRIMES. Thenprovements aremainly twofold:

a) representation in higher detail and resolutionof the existing fleet of power
plants in Europe and so captung in a better way the projection of
decommissioning, refurbishment and new constructions;

b) improvement ofthe model capability in simulating unit commitment in the
presence of high contribution by variable renewables and so captung in a
better way the system requirements for operation of fastamping power
resources (flexibility) and the possible sharing of suchasources within the
EU internal market based on cros®order trade and market coupling.

The new developments make the model considerably better placed to study policy
issues for the internal market, the integration of renewables and the simulation of
investment behaviour. Recent experience from the market suggests that investment in
power plants relies less than before on theoretical longerm optimality of costs.
Systemdepending operational restrictions deriving from penetration of variable RES
imply for ced operational cycling of plants. Ignoring them in economic appraisal of
investment would be a serious drawback. In addition, the refurbishment options are
highly influenced by increased regulation regarding the air pollution emissions, for
fossil fuel plants, and by security regulation, for nuclear plants.

The enhancement of the model addresses these main issues in a considerably
improved manner, due to higher resolution of load variation (daily and seasonal) and
to higher resolution of the handling of ¢d plants. More specifically:

a) The model data decomposes load variation into 120 different time segments
per annum. They cover typical days by season, for working days and for
weekends and holidays. The decomposition took into account the variability of
wind and solar by region (country level at least). The design of the time
segments, based on statistical algorithm, aimed at capturing the variance of
load and simultaneously the variance of solar and wind. Therefore, the
distribution distinguishes typical days with for example high solar irradiation
from similar days with low irradiation, and similarly for wind intensity. The
data represent variability of solar and wind on an hourly basis and the
aggregation by time segment takes care to capture the simultaitye of
variance with load. This work drew on a vast data collection of hourly load
curves and hourly wind and solar resources on geographical scales.

b) The enhanced model performs unit commitment (dispatching) in considerably
more sophisticated way than inthe past, as the time resolution allows
including technical details on cycling operational constraints of power plants,
such as ramping rates, minimum power levels for stable generation, staup
and shutdown costs, etc. These are important to capture risi over-
generation (with possible curtailment of renewables and low levels of
wholesale prices), reliability of ramping (flexibility resources) and backup
(reserve) power. Constraints also reflect reserves for ancillary services, which
are also importantfor real time balancing in the presence of high variable
renewables.

c) As the modeloperates unit commitment (dispatching) over the entire
European network, it captures the possibilities of sharing power resources
among the system control areas, which dep@s on availability of
interconnectors and the possible constraints arising from net transfer capacity
restrictions, as opposed to flowbased allocation of interconnection capacities.



Thus, the model simulates different regimes of market coupling and their
impacts on dispatching, costs, and efficiency.

d) Obviously, investment in new power plants, as well as in storage systems,
depends in a much more accurate way on the sophistication of dispatching
simulation, within the enhanced model.

e) In addition, the enhanced model includes in more detail the carious storage
technologies, including pumped hydro storage (with distinction between
mixed pumping and pure pumping, which is a new feature), batteries, air
compression and a number of poweto-X technologies, whereX stands for
hydrogen, gas, synthetic liquids, etc. These latter technologies act as storage
systems indirectly, and obviously also as source of electricityased (thus
possible renewablesbased) new energy carriers.

f) The model applies a sophisticated Bereds decomposition algorithm to
perform sequence of unit commitment over the entire European network
(including simulation of wholesale markets, coupled or not) and investment
decision cycles. The new algorithm is computationally more efficient and
allows introducing uncertainty factors influencing specifically the investment
behaviour. Limited foresight also applies, optionally, in the investment
behaviour.

g) As the new model version uses Bendedecomposition,the investment
decision runs separately from uiit commitment. Model options are used to
specify the time horizon of foresight influencing investment decisions with
additional parameters handling uncertainty andanticipation, which allows for
the representation of nonperfect foresight if required. Theprevious version
of the model was solving simultaneously optimal expansion and unit
commitment and thus it was impossible to introduce sophistication in the
investment behaviour to capture influencing factors more realistically.
Similarly, the decomposition allows capturing in more detail the specific
investment behaviour subject to feeein tariffs or other similar mechanisms
including auction-based contracts for differences or power purchase
agreements. This is also among the enhancements of the new modeitsion.

Although the database of the power model includes all existing power plants in
Europe on an individual basis, the simulation aggregates them in categories.
Previously the categories reflected the main power technology and fuel. In the
enhanced vesion of the model, the aggregation considered several dimensions,
including location, size, technology, age of the plant, and fuel.

Thus, the number of different existing plants in the model increased considerably and
the capturing of specific features inproved a lot. For example the model now includes
in all countries the large power plants one by one (individually) and not aggregated as
before. The aggregation mostly concern small plants. The new classification of plants
also puts more emphasis on disaggegating the categories by each industrial sector

and in addition by technology, age, and fuel. The aim was to capture industrial
cogeneration in an improved manner from a sectorial perspective. This was necessary
for the enhanced industrial model on boiles and cogeneration.

The enhanced model further allows for the inclusion of cyclical operation constraints
of plants, whichdiffer by technology. As we perform unit commitment over
chorological sequence of loagd at hourly resolution- the model is able tanclude
ramping constraints, minimum up time, minimum stable generation levels, etc. The
model further now fully includes flexibility and secondary reserve requirements at
system level; hydro power, imports and gas are the main providers of flexibility.
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Operational costs of cycling operation (default) compared to forced provision of faster
ramping and cycling imply higher operation and maintenanceosts, whichare

included in the model. This kind of operation mainly applies to GT, CCGT and other
plants operating under AGC control of the TSO.

The benefits of investing in flexible plants arise for system reliabilitpurposes, which
are represented as reserve requirement; the monetary benefits for investors depend
on specific remuneration of the service. Wit fully optimal model resolution, such
remuneration is implicit as full cost recovery is assured in the modelling.

The model can be adapted in order to be able to represefailures, which can incur

with such systems. It is important to note that flexiblity, as well as reliability, have
public goods features, this means that private investment can be subject to free riding
by competitors not investing.

L.15. Special version of power sector model for the Internal
European Market: The PRIMES/IEM model

L.15.a. Introduction to PRIMES/IEM model

The modeling analysis with the PRIMES/IEM aims to simulate in detail the sequence
of operation of the Europeareledricity markets, namely the Dayahead market, the
Intra-day and balancing market and finally the Reserve and Ancillary Services
market or procurement. The PRIMES/IEM modelling suite consisof four main
models:

1 A DayAhead Market simulator (DAM_Sinul), which simulates the operationof
the day-ahead market ands based on the EUPHEMIA algoritht

T A Unit Commitmentsimulator (UC_Simul), which simulates the scheduling of
units occurring real-time, considering fully technical limitations of power
plants.

1 AnIntra-Day and Balancing markesimulator (IDB_Simul), which simulates the
operation of the market for balancing services anthe settlement of deviations
which occur between the real time scheduling of units (output of UC_Simul)
from the day-ahead @utput of DAM_Simul).

1 A Reserve and Ancillary Services markesimulator (RAS_Simul), which
simulates the reserves and ancillary servicesiarket procurement.

The PRIMES/IEM covers all EU 28 Member Statieslividually, in detall. It also
represents Norway, Svitzerland and the Western Balkan countries, in an aggregate
manner, in order to account for exchanges of energy between EU and these countries.
PRIMESIEM disaggregates the interconnection network, and considers more than
one nodefor eachcountry, in order to represent in-country grid congestions. The
assumptions about the grid within each country and across the countries change over
time, reflecting an exogenouly assumed grid investment plan. Existing power

capacity of lines and new constructions aredsed on ENTSOE data and the TYNDP.
Technical characteristics of transmission lines (thermal limits and admittance factors)
have been collected from TSOs.

The power market simulatorsof the PRIMES/IEM can be calibrated to projections of
the standard PRIMES$nodel for any specific scenario, andan runfor any yearof the
projection (usually 2015 to 2050 by 5year periods). Inputs from a scenario include

1 Load demand (hourly), power plant capacities, net imports with countries
outside of EU28, capacity of theransmission lines andnet transfer valuesNTC
values

13 EUPHEMIA (ParEuropean Hybrid Electricity Market Integration Algorithm) is the single price coupling
algorithm used by the coupled European PXs



Fuel prices, ETS carbon prices, taxes, etc.

RES generation however the simulators of PRIMES/IEMcan determine

endogenously curtailment.

9 Potential of hydro production (for hydro reservoirs). Constraints on water
availability have been applied on a daily basis in PRIMES/IEMVe have
separated mandatory hydro-lakes production (due to excess water and other
uses of water) from hydrolakes production at peak load times. This is an
important distinction for the bidding behaviour of lakes.

1 Heat or geam serving obligations ofthe CHPunits whose main product is heat
or steam rather than electricity (industrial CHP and small CHP units exclusively
used for steam and heat)

1 Other restrictions derived from specific policies, e.g. operation restrictions on

old plants, renewable production obligations, ad, if applicable, support

schemes of renewables, biomass and CHP

= =4

The PRIMES/IEM incorporates a detailed database by plant, witlisaggregated
technical and economic data for each plamt order to be ableto represent cyclical
operation of plants, possilbe shutdowns and startups. Its database also includes
detailed data on the technical possibilities of plants to provide ancillary services. The
ancillary services represented in PRIMES/IEM includErequency Containment
Reserve (primary reserve) Automatic Frequency Restoration Reserve (secondary
reserve z Automation Generation Control orAGC)Manual Frequency Restoration
Reserve (spinning tertiary reserve)and Replacement Reserve (notspinning tertiary
reserve). Relevant data have been collected from theational TSOs.

Finally, the PRIMES$IEM represents typical 24-hour days, which are distinguished by
season, and by working days or holidays (and weekends). For example, a typical day
could be a working day in winter.

L.15.b. Modelling procedure

First, the DayAhead Market simulator runs (DAM_Simul), and yields with a unit
commitment schedule of power plants, including demand response and schedule of
flows over interconnectors.

After the simulation ofthe Day! EAAA | AOEAOh xA OOAARAOAAI

tool (developed as part of the PRIMES/IEM specifically for the purposes of this
analysis) to generate a set of random events (experiments). The purpose of this step is
to artificially introduce a deviation between the dayahead forecasts (ondad, RES
generation, availability of plants etc.) and what is occurring reaime.

Considering these deviations, we run a unit commitment simulation with the
UC_Simul, which is similar to the daghead simulation, with the difference that it
includes congraints on the technical operation capabilities of plants. The outcome
compares to the dayahead simulation outcomeand the difference serves as a best
forecast of deviations by the market participants.

The next step is the financial settlement of the deations between the dayahead
schedule and the UC_Simul schedule, and is undertaken with the Inbay and
Balancing Market simulator (IDB_Simul). The IDB_Simul runs and bids for deviations
are generated.

The next step is the simulation of the market oprocurement for reserve and ancillary
services, conducted with the RAS_Simul tool. The simulation takes into account the
commitments in the previous stages, and determines the offerings and remuneration
for reserve and ancillary services, given exogenouysketreserve requirements



The table belowgathers the steps of the modelling work performed. The following
paragraphs describe in more detail each modelling tool of the PRIMES/IEM and the
methodology followed in the simulations.

Steps of modelling workperformed with the PRIMES/IEM modelling suite

Steps of the
PRIMES/IEM Process Output
simulations

Plant and interconnectors
operation schedule (DAM
schedulg, and its
financial settlement

Step 1: Running of the ~ Simulation of the DAM simultaneously for all EU
Day-Ahead Market countries. Basis isa PRIMEScenario (capacity,
simulator demand, musttake generation, etc.).

Step 2: Generation of Generation of experiments (events)with deviations 52 cases (random events),

experiments with the from the PRIMES scenarifor wind and solar and respective
Random Events generation, demand, availability of plants and fre uengies
Generator interconnections g

Revised plant and
Step 3: Running of the ~ For each random event, UC siafation considering  interconnectors operation

Unit Commitment all technical constraints of plants schedule (UC), deviations
simulator from the DAM schedule
Step 4: Running of the ~ Setup of market to settle deviations fran DAM Financial settlement of
Intra -day and defined with the UC simulator. Eligibility by plantto deviations and revised
Balancing Market bid in the IDB is determined hourly, based on schedule for operation of
simulator output of UC. units and interconnectors

Step 5t Running of the  gatjement of exogenously set reserve

i . L . : The remuneration of th
Reserves and Ancillary o irements, considering residual capacity after e remuneration of the
Services market or resources for providing
IDB settlement.

procurement reserves
simulator

Calculation of financial balances (revenues and costs) for each generator, load
payments (payments by consumers) and payments ke TSG. Calculation of
unit cost indicators (e.g. for reserves, etc.). Calculation of expected values of th
outcomes, as average of results by case (random event), weighted by the
frequency ofeachcase.

Step 6: Final cost-
accounting

L.15.c. Day-ahead market simulator (DAM_Simul)

The DAM_Simul algorithm consists of a set of equations which replicate the
EUPHEMIA algorithm. The core parts of thalgorithm of the DAM_Simul is a balancing
equation, which regulates the inflows and outflows in each node, and the objective
function which is such so as to maximize the social surplus. These are complemented
by network equations,which allow to simulate a flow-basedallocation of
interconnection capacities. The model also includes equations related to operational
limitations, which guarantee that all plants should offer energy below their maximum
capacity or that overthe-counter arrangements (naninations of energy) should be
respected DAM_Simul runs for all EU countries simultaneously, with every country
representing a node, and determines market clearing by node and interconnection
flows. DAM Simul produces unit schedule, use of interconnectosnd SMF. It also
performs the financial settlementof the DAM. DAM_Simul draws technegeconomic

and other data from the standard PRIMES model database, including:

1 heat rate per plant,
9 fuel prices,



1 CQ emission coefficient per plant,
9 cost parameters perplant (fixed and variable),
1 power network topology and technical characteristics,

L.15.d. Network representation in DAM

In the DAM_Simul, every country is represented by a single bus and the network
includes all current AC and DC interconnections, as wals known investments
according to the TYNDP. The model simulates optimal flebased allocation of
capacities across interconnections. The flows are restricted by the first and second
Kirchhoff laws and by administratively defined Net Transfer Capacity (NT)IC
limitations, applying to pairs of adjacent countries.

Depending onuser-defined options, flows may be further restricted by overthe-
counter arrangements such as théivailable Transfer Capacity (ATCdestrictions
implying limitations not only by the NTGs but also by the amount of capacity engaged
for cross-border nominations.

L.15.e.Bidding of power plants

Energy offers by plant in the DAM_Simul can be of various types, including hourly
orders, flexible hourly orders, block orders and complex ordergdefined as in
EUPHEMIA) We assume that plants bid in the markets (if bidding is allowed in the
option under analysis) at the level of their marginal cost (which is taken from the
PRIMES database) plus a scarcity maxkp. The markup is derived according o a
scarcity bidding function (defined by plant), which takes into account hourly demand,
plant technology and plant fixed costs. Thase of the scarcity bidding function serves
as a means of mimicking the strategic biddingehaviour of plant owners in an
oligopoly. Regarding hydrereservoir power plants (lakes), we assume that part of the
generation of lakes (mandatory generation) makes zero biddings, simulating the
energy that needs to be used in order to avoid overflow and/or for irrigation
purposes (patticularly relevant for southern EU countries). Only the normandatory
part of lakes is bidding in the dayahead market. Bidding is determined through a
scarcity bidding function (similar to all other power plants), which takes as basis the
marginal cost ofgas generation and adds a markp that reflects scarcity during peak
hours and water availability.

It should be noted that no negative bidding is assumed in the simulations, for any type
of power plants. This has effects for the results of the simulationsnainly in the

analysis of results regarding priority dispatch of variable RES. In particular, in policy
options that assume no priority dispatch of variable RES, these capacities make offers
at very low prices, as their marginal cost is close to zero, drare therefore very
competitive. In case negative bidding was allowed, and given the increased variability
introduced in the dispatching schedule due to the high shares of variable renewables,
some inflexible units would bid negative prices in order to g. maintain a minimum
operation level. In these hours, the closé-zero bids of RES would seize to be
competitive and thus RES generation would be curtailed. Without negative bidding,
RES are still curtailed (if no priority dispatch is assumed), but notsaoften as they
would if negative bidding was allowed.

Depending onuser-defined options, the model can handldifferent assumptions
regarding the existence of bidding zones hey can vary from national, to regional or
to afully integrated EU markets withflow-based allocation of the entire capacity of
interconnections, as if there was a single bidding zone.

L.15.f. Modelling of nominations

Depending onuser-defined options, the simulation with the DAM model assumes
nominations of energy, ie. scheduled and fixed generation by power plants. In
particular, in the options that this assumption is activatedfor examplethe generation



of nuclear and solidsfired power plants is treated as nominagd. Part of this
nominated energycan beallocatedto contribute to the fulfilment of cross-border
trade contracts (cross-border nominations). In-country nominated energy does not
participate in the DAM solution. Crossorder nominated energy is subtracted both
from supply of the country of originand demandof the country of destination,while
ATCvalueis reduced in their borders accordingly.

L.15.g. Modelling of priority dispatch

Depending onuser-defined options, the DAMsimulation can handlepriority dispatch
for certain power generation techndogies, such as RE$)dustrial CHP units district
heating plantsand others. In order to simulate priority dispatch for certain capacities,
we assume zero biddings for fixed hourly amounts afeneration of these capacities
and introduce a very high pendl for curtailment, high enough so as no curtailment is
occurring when we assume priority dispatch.

L.15.h. Modelling of demand response

Demand response is modelledo as to allow for endogenous shifting of demand
guantities among hours.The shift comesas a response to price signals, thus shifting
demand from hours of peak prices to hours of low prices, leading to a smoother
demand curve.The modelling of demand responseaisesstepwise functions that
associate amount of demand response to relevant cosexhibiting decreasing returns
of scale (i.e. the higher the amount of demand response the higher the cost).
Consumers can bid for demand response, with bidding quantities being subject to
potential and bidding price reflecting the stepwise cost.

L.15.i. Day-ahead market simulator version with Unit Commitment
(DAUC)

The DAM model includes as an optiothe possibility for optimising simultaneously
offering of energy and reserves. When this option is activated, the DAM model
algorithm includes additional equations:

a. Equations that represent plantrelated technical constraints (e.g. technical
minimum and maximum, ramping capabilities, minimum up hours of operation,
etc.). This implies that the DAM simulator in these options includes the same
set of equations asthe Unit Commitment simulator. The fact that the DAM
model becomes similar to the UC model, implies that deviations between the
day-ahead market scheduling and the redime scheduling simulated by the UC
are the least possible, and attributed solely to andom events occurring
unexpectedly reattime.

b. The equations of the Reserve and Ancillary Services Procurement model. In
practice, when the ceoptimisation option is activated, it is as if the two models
run simultaneously.

The problem of ceoptimising energy and reserves ig mixed integer problem, with
binary variables reflecting plant operation statusln order to derive the SMP, we

perform a second run, after fixing variables to the integer solution, and relaxing the
integer constraints, allowing them to be linear. This is necessary, as the SMP should be
able to take noninteger values.

L.15.j. Random Events Generator (optional )

Using a random events generator is basically the modelling way to represent the
differenceAAOx AAT OxEAO EO PO AEARBGAA ADIA BAEBBRBDI
EADDAT EdingoThedsindlation of the dayahead marketstarts by taking as

given thehourly demand,hourly renewables generationand hourly availability, as in

a PRIMEScenario. This @n be seen as the projections of the TSOs for the following

day, based on which the daaahead market clears. The random event generator,

generates a set of deviations for these projections trying to mimic the deviations that



could occur in reality betweenwhat is expected to happen the day aft and what is
indeed happening, as for example for

c. Deviations in the load pattern (demand)

d. Deviations in the generation of variable RES, namely wind and solar

e. Unexpected unavailability of large power plants (equivalet to having
unexpected outages)

f. Unexpected reduction in the net transfer capacities (NTC) (equivalent to having
unexpected loss of transmission lines)

With the above as variables, the random events generator buil@slarge number

stylised cases, pexperiments, each of which is assigned with a probability of
occurrence. The assumed level of deviation of the variables and the probability of each
experiment are based on expert judgement. Days of the year are classified to clusters
according to theircharacteristics (season, whether it is working day or holiday)and
each experiment regards a specific day cluster

The simulations with the Unit Commitmentsimulator and the modelling of
settlements for deviations between theDay-ahead market and thdntra-day market
(with the Intra -Day andBalancing marketsimulator) are conducted for all
experiments, and final results are reported after weighting the results for each
experiment with the assigned probabiliies.

L.15.k. Unit Commitment simulator (UC_Simu)

The Unit Commitment simulatormimics real-time operation, where all uncertainties
regarding technical constraints as well as forecast deviations have been resolved.
Note that we assume that all uncertainty is resolved in one step, i.e. we do not perform
runs of the UC_Simul for different points in time between the DAM closure and the
real-time (as if continuous IDM were operating).

In the UC_Simul, generators compete simultaneously for providing energy and
reserves4. The model takes as inputs exogenoystiefined reserve requirements, the
outcomes of the Random Event Generator on deviations to forecasted (in the day
ahead simulation) demand, renewables generation, availability of power plants and
NTC values, and the dispatch schedule and bidding accorditagthe DAM simulator.
The amount of capacity that is bound for reserve purposes according to the
optimization with the UC model is not participating at all at the clearing of the intra
day and balancing markets that follows. Therefore, in the modelling serve refers to
the capacities that participate in the reserve markets or procurement after the
clearing of the intra-day and balancing markets.

The modelruns for the pan-European electricity network, following the same
modelling of power flows as in DAMSimul. At this stage network representation is
more detailed in the UC_Simul than the DAM_Simul, in that for some countries it
includes more than one nodeln this way, in-country network limitations, which are
of high importance not only for the flow ofpower within the country but also for the
international flows, are taken into consideration.

The UC model uses the DAM solution as initial condition. The solution of the UC_Simul
regarding dispatching of units differs from the solution of the DAM modeluk to:

a) The consideration of technical constraints of power plants in the UC_Simul.
In particular, in the UC_Simul all technical constraints that generators
encounter in reaktime operation are represented from respective

14 At this point it is important to clarify what is considered as reserve in the modelling. Demand for reserves
is predetermined andexogenous.



equations, namely the maximum hoursof operation above technical
minimum, ramping constraints, minimum up and down time constraints.
Plant specific startup and shutdown costs are also included.

b) The consideration of demand for reserves, in othewxords, the simultaneous
optimisation of offers for energy and reservedJC_Simuincludes equations
that represent the technical limitations of each power planfor providing
ancillary services.

c) The deviations on load, renewables generation, availability of plants and
NTC values introduced by thd&kandom Events Simulator.

Bidding by generators for energy follows the same logic as in the DAM_Simul, i.e.
generators bid strategically according to a scarcity bidding function. Bidding for
reserves variesdepending on userdefined options. The user may déine
administratively regulated offers for reserves both in terms of quantities and in terms
of payments for ancillary services (based on procurement and contractspr
opportunity cost bidding for reservesby generators, i.e. on the value that generators
lose by binding their capacity for reserves instead of bidding this amount of capacity
in the energy markets.The opportunity cost is calculated taking into account the
hourly SMP price of the DAMolution. In particular, if we denote( 0 the opportunity
cost of plant¢,"0Q ¢ ‘Q é&he generation of plant¢ in hour QY0 0 'O the system
marginal price of the DAM in houfQw O the variable cost of plant&,”"Y¢ 0 "OQ &he o
total generation of power plant¢ in the DA market, then:

B "0Q¢ Q&O"YD D 006 wb

00
YE 0 'OQ¢ 00

All hydro capacities (reservoirs) are assumed to bid in the UC_Simul. This is in
contrast to the DAM simulation, where only the normandatory part of lakes is
bidding, while the hydro generation thatis assumed to be mustun production (due
to excess water and other uses of waters excluded from bidding.In this way, the
simulation with the UC captures the role of hydro capacities for balancing purposes
(thus capturing their role in the Intra-day and balancing markets) and their
contribution to ancillary services.

Priority dispatching and demand response (if eligible to participate in the Intraday

and balancing markets in theuser-defined options) are incorporated in the UC
simulations the sane way as they are incorporated in the DAM_Simdihe UC_Simul
optimization of real-time unit commitment reducesdeviations from the DAM solution
as much as possible. For this reason, the model assumes penalty factors for the
deviations from the DAM schedw (re-dispatching), which are taken into account in
the objective function of the optimisation. Hence, r@lispatching costs occur for units
which operate according to the UC at a different level compared to the DAM schedule.
4EA AAOGEAOQET 1spatching schdelle béweEnahe &C Mmdelel and the DAM
model are financially settled in the simulations with the IntraDay and Balancing
market simulator.

L.15.1. Intra -Day and Balancing simulator (IDB_Simul)

The Intra-day and Balancing Simulator (IDB_Simul) simulates a stylised hourly
market for the deviations that occur between the DAM_Simul solution and the
UC_Simul solution. The deviations are the result of the assumed errors in the day
ahead forecast on load, BS generation, availability of plants, etc. which are generated
using the Random Events Generator. The simulator performs a single market clearing
of the deviations, i.e. it does not simulate continuous intrday markets. Itruns
simultaneously for all hous in every typical day,and determines an SMP price for
deviations, the financial settlement of deviations and a revised schedule for operation
of units as well asinterconnectors.



Before running the IDM _Simul, for every hourthe nodes (countries) are ategorized
in regions based ora specific coupling criterion;adjacentnodesare coupledin a
specific hourif and only if they share the same SMier that hour.

Comparing the DAM and UC solutions, deviations in energy offers occur due to the
consideration of technical constraints of plants in the UC model and due to other
deviations in demand and renewables generation as adopted in the experiments with
the Random Event Generator. The IDB_Simul, before settling financially these
deviations, it further adjusts the unit commitment schedule of plants according to a
set of rules, which determine which resources are eligible to bid in the IDM to meet
the deviations.The bids are different for upward and for downwarddeviations of
power supplied by the eligible esources.

For each coupled region and for each hour, all triispatchablepower plants that have
altered their generation from the DAM solution to the UC solution opposite to the
direction of demand deviation (sum of the demand deviations of the countriein the
coupled region) are grouped separatelyThis group is further split into two
independent subgroups, one for every direction of the demand deviation. If demand in
the day-ahead simulation is lower than the one in UC and the generation of the urst i
higher in the day-ahead simulation than the generation in UC, then this plant is not
allowed to offer energy for upward deviations. If the reverse is true, then the power
plant is not allowed to offer for downward deviations The logic behind this, is tht
these plants are not loaefollowing in the UC solution due to technical reasons, and
thus should not be able to contribute in covering intraday deviation. Hence, the
deviations between DA and UC solutions in the generation volumes of the plants
belonging to these two groups have to be met by the rest of the conventional plants.

It remains to define the supply quantities each power plant can provide to IDM. The
majority of conventional power plants can participate in the IDM (including demand
response), with the exception of capacities that have been scheduled to participate in
the reserve and ancillary services market according to the UC solution, and the
capacities that are not load following as described in the paragraph above. When
deviations in demand are upward eligible power plants can potentially offer the entire
remaining capacity above the level that has been scheduled in DAM, minus any
amount qualified for upward reserve procuement. Equivalently, when deviations in
demand are downward theycan potentially offer the entire remaining capacity below
the level that has been scheduled in DAM, minus their minimum generation level and
any amount qualified fordownward reserves. Hydro generators in particular, can
offer energy only up to the maximurndifference between DAM and UC solution, either
upwards or downwards.

Units which were not dispatched in the DAM solution are allowed to startip during

the optimisation of IDB_Simul Along the same lines, units which were dispatched in
the DAM solution ae allowed to shutdown. However, this only applies to flexible
capacities(having ramping rates above a certain threshold value, as well as minimum
up time lower than a threshold value, both defined by the userwhile inflexible

power plants are not alloned to either shutdown or start-up. None of the plants can
offer energy which violates their ramping rates.

Resources that are ultimately eligible to participate in the IDM compete each other
with their bidding offers. Energy offers for upwarddeviations are priced equal to the
marginal cost of the unit plus a scarcity markup in case there is shortage on
resources. Scarcity bidding methodology is the same as applied in the DAM_Simul
Energyoffer prices for downward deviations aredriven by variable and fxed
operation and maintenance costs of each unit. Scarcity bidding applies here as well.
Shutdown or start-up decisions incur additional costs, as they do in UC model.



Bidding prices and ultimately remuneration of resources depend on the assumed
market liquidity, which varies across countries and across options. In countries and
options that no IDM market is assumegdgeneratorsreceive administratively set prices
to cover for the deviations. In cases of illiquid markets, bidding is the same as the DAM
bidding. In cases of liquid markets, bidding idefined using DAM bids as a basis, plus a
mark-up reflecting scarcity in the market for deviations. Bids differ for upward and
downward deviations. Energy offers for upward deviations are priced equdb the
marginal cost of the unit plus a scarcity markup in case there is shortage on

resources. Energ offer prices for downward deviations arebased on the variable and
fixed operation and maintenance costs of each unit, with scarcity maitkp applying as
well.

Network modelling in the context of ID market follows the same approach as with the
DAM_Simul. New power injections that occur during the optimizatiowith the
IDM_Simultake into accountcongestion of transmission lines according to the UC
solution, in the sense that only residual capacity (beyond the schedule of the UC) of
interconnectors is eligible to participate in the IDM

L.15.m. Reserve and Ancillary Services market or procurement  simulator
(RAS_Simul)

In the simulation with the UC_Simul, binding ofapacities for reserves has already
been determined. This amount of capacities is assumed to not participate in the IDM.
However, as the IDM determines an updated schedule of unit commitment compared
to the UC solution, it is probable that some capacitigbat were offering energy
according to the UC schedule offer less (or even shdbwn) according to the IDM
schedule. Therefore, it is probable that there are additional capacities available to
participate in the reserve and ancillary services market compad to the UC solution.

It is assumed thatonly gas turbines are eligible for this purposedue to high ramping
rates and short response times.

Thus, the RAS_Simul runs to +eettle financially the reserve and ancillary services

market taking into accountthe updated unit commitment schedule from the IDM. The
RAS_Simul uses the same demand for reserves as the UC model. Four types of reserves
have been considered:

1. Frequency Containment Reserve (primary reserve)

2. Automatic Frequency Restoration Reserve (secdary reserve Z
Automation Generation Control)

3. Manual Frequency Restoration Reserve (spinning tertiary reserve)

4. Replacement Reserve (noispinning tertiary reserve)

The following market function cases<an be defined by the model user

1. Procurement based on TS contracts with specific plants, at defined prices.

2. Plants bidding for the reserve obligations, but receiing remuneration
based on administratively set prices

3. Competitive market for reserves with economic offers (bids) for prices and
quantities.

The RASSIimul applies the same bidding for reserves as the UC model. Eligible
resources to participate in the market/procurement are differentiated according to
user-defined options, andcan beall units which have been opted to participate in the
ID schedule, intuding demand response. In case participation of RES is allowed in the
ID market, they are only eligible to bid for downward reserve.

Demand response is allowed to participate in the RAS market (depending oser-
defined option) and is incorporated the ame way as in the DAM_Simul.



Resources available crosborder canalsoparticipate (differently constrained by
policy option) in the reserve market,subject to limitation from availability of
interconnection capacity, which is the capacity remaining after the schedut# the
IDM. Resources not schedulem the IDMcan submit bids to market for reserve but

only for tertiary reserve.

The four reserve makets or procurements are interrelated because of technical
restrictions of the plants, and therefore run simultaneously.

L.15.n. Mathematical lllustration of PRIMES -IEM model
DAY-AHEAD MARKET SIMULATOR (DAM SIMUL)
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Consumption of electricity

System Marginal Price
Commitment schedule of power
plants

Supply of upward ancillary service
Supply of downward ancillary
service

Operating status of a plant (binary)
Shut down of a plant (binary)
Start-up of a plant (binary)

Inflows minus Outflows in a node of
the network

Voltage phase angles at a node
Flows over interconnectors
(positive or negative)

Nodes of the network (one or many
per country)

Time intervals (hours) in a year
Power plants
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Interconnectors
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Inverse Demand Function

Price bidding by plant as function of
volume

Capacity constraints of power
plants

Inflows minus Outflows in a node of
the network
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Restriction of bilateral flows due to
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Balance of inflows and outflows in a

Known Parameters and Functions
Inverse demand function 0
Price bidding function O
Power quantities in priority dispatch Nk
Power plant capacities YWk R
Technical minimum operation of a plant O¢rnn
Ramping capability of plant Ohh
Minimum up time of a plant i Qr
Minimum down time of a plant i Gn
Price bidding for upward ancillary services » b
Price bidding for downward ancillary services —
Network topology matrix Oy
Matrix of line admittances Sets
Capacity of interconnectors @ iQQ
Net Transfer Capacity between two nodes ¢ 1QQ
3
o
™ Q0
Equations for Day Ahead Market Simulator (energy only market)
h
a Qp oF Qi Of  Qxp O
O Qf 05
Orr  ®rr NAf
Nak Vfnk
» R —HE QO 1 5 EQG
(03 — 1 8 £QG
o ~
o 6 v
P s P &
Q; Of ik Npp o« k

node

Equations for Unit Commitment Simulator (or Day Ahead Market with co
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Social Surplus to maximize

Inverse Demand Function

Balance for upward ancillary services

Balance fordownward ancillary services

Price bidding by plant as function of volume
Bidding for upward ancillary services
Bidding for downward ancillary services

Capacity constraints of power plants

Operation above technical minimum
Rampingconstraints

Minimum down time constraint

Minimum up time constraint

Operation status constraint

Shut or start constraint

Inflows minus Outflows in a node of the
network

Flows over interconnectors (positive or
negative)

Physical capacity constraint for flows over
interconnectors

Restriction of bilateral flows due to Net
Transfer Capacity

Balance of inflows and outflows in anode

INTRA-DAY AND BALANCING MARKETS SIMULATOR (IDB_SIMUL)

Known Parameters and Functions

Unknown Variables

Oy, Upward deviations

Oy, Downward deviations

Price bidding function for upward

©h h offers
O = Price bidding function for
hh downward offers
I Commitment schedule of power
B plants from DAM
S Commitment schedule of power
Rl plants from UC
6k Operating status of a plant
hh (binary) from DAS and UC
Op Demand from DAM
Oy Demand from UC
& Flows over interconnectors from
DAM
3 Inflows minus Outflows in a node
" h of the network from DAM

8 x s Bidding for starting up a power
hh plant in IDM

Upward balancing power output of power plants

Nif  aready opened
o Downward balancing power output of power
MTRE  plants
. Upward balancing power output of power plants
hh  already opened
. Deviation from DAM variable (binary, 1 if plant
NERR committed in IDM and closed in DAM)
¢ 0iQ Deviation from DAM variable (binary, 1 if plant
committed in DAM and closedn IDM)
6« Operating status of a plant (binary) taken into
hh  account DAM schedule
i Qr Shutdown of a plant(binary)
i G Start-up of a plant (binary)
Sets
Qe & | Intermittent RES power plants
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hh iR TAG upward offers
P O R Price bidding by plant as function of volume for
hh R TTRA upward offers
o . o~ Capacity constraint for upwards offers of power
®r Nan VYRR P & QMR plaﬂts Y P P
. R O Capacity constraint for downwards offers of
MRk i P& QMR power plants
. ) Capacity constraint for upwards offers of power
Nir Yna N EdAR pacty P P
plants
- g Technical minimum constraint for upwards
Mar U ARNEAR offers of power plants
Nar  Nik Yi Ramping Constraint for upwards offers
Nen  Nik nNéedn Yr | Gr'YR Ramping Constraint for upwards offers
Nkh Nin Yh Ramping Constraint for downwards offers
Orr Orr NEAR € QRQ Commitment Constraint
Né€drR N E€dn i &k Start-up constraint in IDM
€ QR £ Q] i Qn Shut-down constraint in IDM
i Grn [ Qrn P Shut or start constraint for IDM
Nédn € QR p Shut or start deviation constraint
€ Qi P Minimum down time constraint
" A h
Nedn P Minimum up time constraint
N hh .
n h » —HE QO 1§ EQG Inflows minus Outflows in a node of the network
oy — 1§ €Qq Flows over interconnectors (positive or negative)
" " . Physical capacity constraint for flows over
& & Y inté/rconnecrt)orsty
N . 5 Restriction of bilateral flows due to Net Transfer
& & L YR Capacit
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P n P h
Op  ©Op Nan Nae Nik » R Balance of inflows and outflowsin a node
RESERVE AND ANCILLARY SERVICES MARKET SIMULATOR (RAS SIMUL)
Known Parameters and Functions Unknown Variables
I Commitment schedule of power plants i Contribution of flows to reserve and ancillary
B after IDM " service market
(I)ﬁ Upper limit of contribution of flows to

and IDM




Inflows minus Outflows in a node of the
network from DAM and ID

Equations for Reserve and Ancillary Services Simulator

80 Rrk YrRr O Q&rn Ofnnn Cost of ancillary services to minimize
60 Anr QO ARn Y Bidding for upward ancillary services
0 Q&rrn "QQERm Ofrnn Bidding for downward ancillary services
Noa Yirn  OnpURR Upper bound.of contrlbu.tlon to upward
ancillary service constraint for power plants
W Otrii  OrpD R Upper bound of contribution to downward

ancillary service constraint for power plants
v w Upper bound of contribution to upward

o o . . .
n h ancillary service constraint for xborder flows
Yian OO RR Wk .k Balance for upward ancillary services
O¢rrn  OQgn Balance for downward ancillary services

L.15.0. Methodology of the Modelling of Power Generation Investment
under Uncertainty (optional)

The version of the power sector model of PRIMES which simulates oligopoly
competition includes an option of valuing investment in power generation under
uncertainty.

The simulation of oligopoly competition computes electricity market prices which

define astream of revenues for existing, or candidate for investment, plant. The

revenues seen from the perspective of an investor or of a plant ownepport the

decision aboutgoing forward with the investment or not. Similarly, it supports the

decision fora plant owner about whether to maintain the plant in operation, or

instead retiring the plant fromthe marke8 4 EEO OET OAOOI AT O AOA]
simulated using the Investment Evaluation model

The methodology followed to evaluate theralue of power plants (existing or
candidate forinvestment) considers uncertainty about the market in the futureand
heterogeneity of decision makersegarding the hurdle rates

In order to account for uncertain market conditions, the approach introduces three
random variables, namelyETS prices, gas prices and RES development. To introduce
randomness around these factors we assume that each follow8egownian motion
which has been applied to the whole time series trajectory. Moreover, we take into
consideration the interdependencies of the three random variablesThe trajectory of
the random variables in time is a random process which is the outcome of a 3
dimensional stochastic differential equation, having a preletermined mean (using
PRIMES projections for this purpos) and a covariance matrix defined so as to reflect
the relationship between the three random variables.

ETS prices and gas prices are positively correlated, as a future of higher gas prices
would imply a future where coatbased and other highemitting generation is more
competitive, and would therefore require higher ETS prices to achieve the EUCO
emissionstargets. ETS pricesind RES development are negatively correlated, as the
larger the development of RES the lower the required level of ETS prices for
maintaining the EUCO emissions targets. Finally, gas prices and RES development are
positively correlated as higher gas prices render RES more competitive.

With this basis,the model applies aMonte Carlo simulation technique to generatea
large sample ofOA AT AOET Oh AAAE AAET C OADPOAOGAT OAODI



prices, gas prices and RES development. After reducing the number of random
scenariosevents of our sample following a scenario reduction technique, the PRIMES
Oligopoly model for each senario-eventcomputesthe stream of revenues of each
plant.

These streams of revenues are then used to calculate the plant specific present values
(PVs) for each scenariegevent. In particular, the PV is calculated as present value of
revenues from the whdesale, balancing, ancillary services and CM markets, minus
variable, fuel and O&M costs.

The approach, instead of considering specific rates of return for the PV calculations,
assumes that plant owners are heterogeneous, and therefore considers a randge o
hurdle rates (desired rates of return)which are assumed to benormally distributed.
The mean of the hurdle rates distribution is different for each Member State,
reflecting the varying financing conditions in eachThe user can vary both the mean
value and the standard deviation of the probability distribution for the hurdle rates
Theidea isthat the distribution of hurdle rates depends on the competition context
and the perceived certainty surrounding future revenues. This is assumed in order to
reflect that under different market conditions the behaviour of plant owners would
alter, and they would be willing to accept different rates of return (hurdle rates) for
undertaking a project. In particular, when future revenues are considered to be more
certain, investors are willing to accept lower rates of return (hurdle rates) to
undertake a project, and vice versa. Similarly, in conditions of more intense
competition investors tend to adopt lower hurdle rates, as otherwise they risk staying
out of the market. These changes of the hurdle rates are purely behavioural, and very
hard to quantify. However, this behaviour is key in the simulation and comparative
analysis of the different options of this study and they need to be reflected to the
extent possible.Following this logic, the investment evaluation process talkeinto
accountassumptions whetherthe revenuescome solelyfrom the wholesale market
which are uncertain as in a spot market, or also from capacity mechanisms or other
similar forms of securities for the capital costs, which are more certain than in spot
markets. Depending on the origin of revenues, the modelpplies for examplelower
hurdle rates and possibly lower standard deviationof the hurdle rates in the casef
capacity mechanismgompared to the cases without.

The mathematical illustration follows. We may denote:

1 ida scenarieevent, with probability of occurrence” ;
91 7 dthe various types of decision makers, each applying a different hurdle rate,
with frequency “ -

1 "@a powe plant

Then, the process described so far leads for every plant, old or new, to a collection of
present valuesd @y, each with probability* ; 2%

The next step of the investment evaluation process is to compare this set of PVs with a
benchmark, in order to assess how each project (plant) performs, and based on this
assessment decide upon its viability. In other words, the evaluation needs to specify a
probability that an investment is realized (or that an old project continues to opere)

as a function of its performance. Two measurements need therefore to be defined: a) a
measurement of the performance of each plant, and b) a probability function of
deciding positively on investing on (or continue operation of) each plant, based on its
performance.

New plants are considered to perform adequately if revenues minus costs are
sufficiently high to counterbalance investment expenditures. In case the PV of
revenues minus costs is negative, then definitely the investment should not be



realized, or in other words, the probability that the investment is realized should be
zero. If the PV is positive, then the probability that the investment is realized should
be getting higher with higher values of PV.

For old plants, the approach is differentan old plant is considered to perform well if
revenues are sufficiently high to cover for fixed and O&M costs, i.e. when the PV is
positive. A positive PV for old plants should imply that the probability that the plant
retires prematurely is zero. But een if revenues do not suffice to cover for these costs
(PV is negative), still the operation of the plant is of some worth to the decision maker
due to its salvage valudi.e. the norramortized investment cost, calculated specifically
for each plant consiaring its remaining lifetime and investment cost) which is lostin
case of premature retirement. Therefore, the probability that the plant retires should
be increasing as the negative present value is increasing in absolute terms.

Following the above lof Ah  x A AAOAT T PAA A O0R®LHTDE AT A
Performance ratio is calculated differently for old and new plants. For new plants
(denoted"Q¢ 'Q the Performance ratio is the ratio of the present value of revenues

over the cost d investment (@ ¢

ooy o 66‘%&28 Qo
v Q"’ﬁll@é Qo 'Qlé Q0

For old plants (denoted’Q¢ )atlie Performance ratio takes an inverse form and is the
ratio of minus the salvage value of the plantt; yz@yer the present value of reenues:

LRDR Yo 9
UQ"’FIII@éd'Q : 80’%&)8’(‘]’9

Ultimately, the Performance ratio is used to derive a probability that a new
investment project is undertaken or that an old project is continuing to operate. This
probability function, referred to asprobability of adequate performanceand denoted
“ . ki has been specified:

1 For new plants
‘oz 00 Q0 Qi o QO QLY o T
“has 9o THQE O Q L o T

I 1p Q R

Q0 QiEiQ o T h Q¢ QipfQ Tt

1 For old plants
“hfacacP Q0 Qigl fo Q6D QiR , T
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o
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For new plants, the function is defined so as to ensure that a negative performance
ratio (resulting from a negative PV) leads to zero probability of an investment being
realized. For positive performance ratios,the probability takes a form that resembles



an S curve and of course ranges between 0 and 1. For small values of the performance
ratio, the probability is still very close to zero, as a decision maker would not be
willing to decide positively on an investment where the PV
Trps)i of revenues minus costs would be considerably lower than
H ' investment expenditure. This reflects the level of risk
for old plants ’;" aversion assumed.

| For old plants, the" . gfunction ensures that those with
negative performance ratio (i.e. positive PV) are definitely
| continuing operation. Plants with positive performance
/' ratio (negative PV), will continue operation with

for new plants

probability varying from zero to one. If the absolute vale
of PV is close to zero, then the probability that the plant
will survive is still quite large. However, as the PV takes
higher absolute values (implying that revenues are
, becoming less and less compared to the costs) and the
' performance ratio is gettingclose to one, then the
probability that the operation of the plant will continue

diminishes.
0 S ) 1 Perfp,s,i

Probability of adequate performanceof plant i (Ams,)

Finally, the process calculates the probability of survival of
each plant denoted a® i ¢ & “¥gy multiplying the
probability of each scenaricevent, times the frequency of
the decision maker types, times the probability of
adequate performance, and summing over the whole
range of possibilities:

Performance ratio of plantl (Perfus,)

i: power plant
M type of investor
S: scenario event

Oi € ™01 U

TR

This probability of survival is multiplied with the capacity of eachplant in ascenario
and yields with an updated capacity leveNext, these reduced capacities are usdd
run againthe PRIMES Oligopoly modéb compute power generation, revenues and
total costs for consumers



The PRIMESGas Supply Model

Natural Gas is of
great importance in
the transition
towards a clean
and renewable
energy system.
Secure and
affordable gas
supply in the EU is
of critical
importance.

M.1. Scope d the model

The PRIMES energy system model include detailed gas supply module that

provides projections for gas imports by country of origin, by transport mean (LNG,
pipeline) and route as well as wholesale gas prices. The gas model studies the
relationships between gas resources, gas infrastructure and the degree of competition
in gas markets over the Eurasiamnd MENAarea and evaluates their impacts on gas
prices paid by gas consumers in the EU Memb&tates.

The gas model is a dynamic marketompetition model, which covers the entire
EurasiaWMENA areas and the global LNG market. It presents in detail the gas
"""""""" DOAOGAT O AT A EOOOOAR AO
the market. The agents compete for access to gas infrastructure and for gas supply to
customers, the latterbeing responsive to gas prices. The model considers the
oligopolistic structure of the gas market, which includes market imperfections and
can accommodate different assumptions about the degree of competition and the
integration of the EU gas internal maket.

The gas supply module uses as input the gas demand projections, available from the
end-use sectors for demand (twelve industrial sectors, transport, residential, services
and agriculture) and electricity generators of the PRIMES model. The model
determines the equilibrium by finding the prices such that the quantity producers find
best to supply matches the quantity consumers wish to use. Thus, the flow of gas over
the entire gas network, the economic decisions of the agents and the market prices
are endogenous and are computed dynamically. The module operates on an inter
temporal basis from 2000 to 2030 and produces results by five year period.

M.2. Gas infrastructure

The gas module represents in detail the present and future gas infrastructure eéch
EUMember State other European countriesand the gas producing and consuming
countries of the EurasiadMENA area, including Russia, Ukraine, Belarus, the Caspian
countries, Middle East, Persian Gulf and North African countries. The model also
represents the supply possibilities of LNG worldwideand the global demandand

trade of LNG. The infrastructure types include: gas pipelines (represented as a
network), gas storage, LNG terminals, gas production and gas liquefaction.

The interregional flows of gasare simulated based ona gas transport network
consisting ofhigh-pressuregas pipelines and ship routes for LNG. detailed
representation of the physical natural gas pipeline system is used tepresentthe
current and possible interregional transfers under engineering constraints allowing
the moving of gas from producers to endusers.Simultaneously with physical flows,
the model projects the commercial transactions between suppliers anclistomers,
which extend beyond neighbouring countries, involvdransit routes and gas swaps to
allow their implementation. Gas traders (arbitragers) are also included as well as gas
transport system operators. Each countryis assumed to have a singl€ransport
System Operator (TS which manages flows coming into ad out of the region. Each
TSO represents @aranshipment node in the gas supply moduleArcs, defined as routes
carrying gas flowing between TSOs, connect the noddsach arcorresponds toan
aggregation of the pipelines between neighbouring countries.

15 In technical terms the model solves a Nas@ournot oligopoly game with conjectural variations to find
imperfect market equilibrium.



Arcs are also established from gas producers (fields) toanshipment nodes (TSOSs)

and to gas liquefaction plants. Only one gas producer and one LNG producer, if
applicable, are considered by country, whereby the major gas (fields) and/or the
liguefaction plants are represented for each countryln addition, the gasification

plants (one by one) and the storage facilities (aggregated by country) are represented.
The supply from each country is directly available to only onganshipment node. If

the supply is made available to other countries (at an adjoininganshipment node), it
needs first to pass througha transhipment node.

Detailed cost data (capital and variable operatingpre associated with eachtype of
gas infrastructure andsogas transportationcosts, including LNG ship costare
calculated as dunction of distances.

The final consumer gas pricesre explicitly computed andreflect costs but also
include market-related and depletiontrelated rents.

Gas supply and demand are balanced on a ddilgsis. A few typical daysre
represented per country.Variability of gas demand isdetermined bottom-up from the
gas load profilesof various gas use by sectoras these are projected by the rest of the
PRIMES model

Amongthe supply sourcesgas storagds represented: storage inputs and outputs
connected to each transhipment nodéo represent net storage withdrawals in the
country as needed to manage gas balancing@aktimes. During the offpeak period,
net storage injectionsare calculatedto establish gas storage balance over a year time
period. The gasification plants are modelledlso as storagefacilities having more
limited capacities than the underground storage facilities

Third party access is assumed for gas infrastructures and regulated tHs are applied,
which are determined by the modeby mimicking current practices based on
regulated asset basis pricing methodsExogenous parameters may be used to reflect
different regulatory policies for pricing, access and use of gas infrastructure. Also
long-term contracts are includedas constraintsbetween suppliers and customers
Duration and termsof existing (in the beginning of projections)long term contracts
are exogenousUpper and lower variability margins of flows over pipelines, reflecting
physical and/or contractual limitations, are representedthrough exogenous
parameters and constraints

M.3. Modelling of competition

Gas producers and gas suppliers (traders) are considered as separate companies. A
gas supplier and/or trader is assumed to have access to a limited number of gas
production (or LNG) nodes and to a subset of gas demand nodes. This can vary by
scenario to reflectdifferent degrees ofcompetition intensity and market integration

in the EU The traders are assumed to operate as financial brokers to profit from gas
price differencesbetween country-specific demand nodes. It is also assumed that each
country-specific TSO operates a gas pool market (a hub) pyuntry, which seeks to
maximise onsumer and producer surplus under imperfect competition among
suppliers and priceelastic demand.

The TSOsoperate as regulated monopolies and seek a regulated maximisation of
profits from balancing demand and supply at each node. The TSOs perform aylail
AAT ATAET C T &£ CAO AAI ATA AT A O0O6PPI UK 11
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Pipeline capacities and investments are exogenous. Volume dependent curves are
specified for computing tariffs for transportation betweentranshipment nodes (e.g.
Member States andeighbouring z transit - countries). The tariff curves extend
beyond current pipeline capacity levels and relate incremental capacity to
corresponding estimated rates. The TSOs charge tariffs and apply margs for
transportation service.

Gas producers (fields) seek the maximization of rents from intertemporal
management of their exhaustible resources, selling to the pool managed by the TSO,
while the LNG producers, gas storage and LNG storage operators maximize the
profits from exploiting the storage facility. Gas production costs and potential rents
are represented by costsupply curves with increasing slope, constrained by resource
potential. Use of gas facilities entails variablenpnlinear) and fixed costs.



Gas field reserve amountsare specified exogenously in the base yeand based on the
model extractionfollows a net depletion profile while reservesincludesincreases in
amounts due to exploration and recovery evolving in the futureLiquefaction, storage
and LNG gaification capacities and investment are exogenous. The dates of
commissioning of new infrastructures are exogenous.

Suppliers
Traders
/ Consumers
Tso |~ Residential
Produpers T30 I Services
(Gas fields Industry
and LNG) TEQ Power sector
1 TSO Other
/ AN sectors
Storage and g_]asification

The link between the TSOs and the gas consumers (residential sector, services sectors,
agriculture sector, transport, industrial sectors ad electric generators)correspond to
gasflows, whichimplement the commercial gas flows betweemas supplier s,

trader s and customers. Gas suppliers and traders seek to maximize profits by
generating revenuesrom gas sales to consumers, while they incuosts by

purchasing gas from pools that are managed by TSOs.

The demand functionsof gas consumers are price elastic. Demand detailetdy gas
load segmentand by sectoris linked with the rest of PRIMESmodels.

The gas supply modl determines oligopolistic market equilibrium over multiple

period years (up to 2050)and calculates the market prices of gas and LNgg country,
year and marginal systemgasprices byload segment(typical days). The model

projects physicalgas flowsover the entire Eurasian gasnfrastructure system,

calculates possiblecongestion for each gas facility (pipeline, LNG terminal, storage,
etc.)and evaluates financial balances (costs versus revenues and rates of use) by gas
infrastructure component. Thus, themodel can support profitability analysis of new

gas infrastructure (new pipelines, LNG terminals, etc.).

M.4. Model usage

The gas supply model has been used for specific gas segiolicy analyses:

Congestion and profitability of new gas transport routes

Alternative scenarios about development of new gas suppliers

Impact of gas shortages for certain upstream suppliers

Changes in the global market for LN&nd their impacts

Impact of reduced gas demand in the EU owing to energy efficiency and RES
Impact of gowth of domestic gas demand within major gas suppliersutside
Europe

Impacts on the EU gas supply of growing gas demand in Asia

M ™MWMHENRMENNR



Summary of PRIMES Gas Supply Model

The Gas Supply model simulates an oligopoly market over multiple countries,
involving many actors (consumers, TSOs, tradeand upstream producers)
Consumers are price takers with demand being elastic with prices
TSOs manage gas hubs and minimize cost of gas supply

Traders maximise profits, perform arbitraging operations and are price
takers from upstream producers

Upstream producers compete along a NasfBournot game (with
conjectural variations)

The number of competitors acting on each node change over time to
reflect growing competition (long term trend towards a wellfunctioning
market)

M ™M ™AW

Operations and flows are constrainedby a physical system involving pipelines,
LNG terminals, gas storage facilities, liquefaction plants and gas producing wells.
The market clearing for pipeline gas is on a Eurasian scale, while for LNG the
coverage is global. Investment in gas infrastructeris exogenous. Characteristics
of gas companies are also exogenous.

The model simulates two layers of flows: physical gas flows and commercial

transactions

72 A consumer on one node can be commercially supplied with gas produced
at a node without direct link with the consumption node (e.qg. if gas swaps
implement the commercial transaction)

72 Since the gas network constraints are binding, gas supply prices differ by
node (country)
72 Price determination reflects marginal costs, an endogenous maitkp and
fixed coststhat recover cost of infrastructure
72 Upstream producers tariff gas according to a gas cost function inclusive of
CAO EEAI A AQEAOOOEIT OAT OO0 j (1 OAI ET Cé

The model simulates gas balancing on a daily basis, considering load
characteristics of gas demandectors and possibilities of storing gas and using
LNG



N. Oil Products Supply Mod el and biofuel blending

The oil refining
industry in the EU
is likely to face
declining demand
for oil product and

environmental
constraints,
including bio-fuel
blending
regulations.

The refinery sub-model of PRIMESs used to project domestic components of
petroleum product prices, refining activities and refinery capacity expansion,
including where appropriate technological change. Crude oil prices are exogenous to
PRIMES.

The petroleum supply market in the EU isnodelled as one stylised refinery by
country involving distillation and cracking processng facilities which differ by
country and are projected to the future through endogenous investmeni he generic
processing units are atmospheric distillation, vacuundistillation, coking, catalytic
cracking, hydrocracking, and visbreakingNet imports of petroleum products by
Europeancountry are projected according to time trends and relative prices using
simple reducedform import -export graph representation.

The model projects changes in the structure ofefinery activities (building and
composition of processing unitsand energy consumptior) to produce an inter
temporal least cost product mix that satisfies the demangrojected by the rest of
PRIMESenergy demandand supply modes. The activities are constrained by specific
technical constraints, which simulate operation of refining over a stylisedgraph,
which includesintermediate streamsas flows between processing unitsCapacity is
allowed to expand,under technical limitations. Investment schedulesare developed
endogenously.The regulatory framework concerning productquality and types are
incorporated as simple additive factors that increase cost of production.

End-use petroleum product prices are formed asuinction of crude oil cost recovery
(which are exogenous)marginal costs ofrefining, plus transportation costs,
distribution costs and taxes. Marginal cost are allocated to product types based on
results of the refining optimisation.

An add-on modelling in petroleum supply model projects blending of oil products
with biofuels, for gasoline, diesel, kerosene and fuel oil. The modelling of blending
follows the perspective of product suppliers who are constrained by policy to reduce
average emission factors bthe blended products or to meet blending regulations. In
doing so they define blending percentage® meet regulations, to respect technical
constraints concerning combustion of the blended product and to minimise cost of
blended products. The suppliersare price takers of biofuel components as these are
determined in the biomass supply model of PRIMESor cost minimisation the
suppliers take into account carbon prices/values as price signals of emission
reduction policies. Becauseof the blending, prices of blending products and their
average emission factors are determinednd are then usedas inputs by other PRIMES
sub-models.

The following figure illustrates the structure of the stylised refinery modelled in
PRIMES for each country.
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Primary
production of
fossil fuels

Solid Fuel
Conversion
Plants

Other
conversion
processes

Losses of oll
and gas
transportation

Non Energy
Consumption

Energy
Consumption
by Energy
Branch

Rest of Energy Branch related to fossil fuels

The PRIMES model database includes data on domestic potential fossil fuel resources
by country, covering crude oilshale oil,natural gas, and solid fuels (coal and lignite)
The reserve data have the form of cogjuantity curves with increasing slopes.
Extraction activity by country and by fuel type is projected using reducefiorm
equations. Drivers are demand for fuels (projected in the rest of the PRIMES model),
internatio nal prices of fossil fuels (used to evaluate profitability of domestic
extraction by comparing international prices to domestic costs based on the cest
guantity curves), policy-driven parameters which promote domestic production of
fossil fuels by settinglower limits on production schedule or by subsidizing domestic
costs.The fossil fuel extraction model solveinter -temporarily. Projection of natural
gas extraction is coordinated with projections by the more detailed gas supply model.

The model calculates in a simple way inputs and outputs of plants that convert solid
energy forms. The following are included: briquetting of coal and lignite; coke
production from coal; cokeoven-gas production; blast furnace gas productiorOutput
from such plants depends on demand calculated by the rest of the PRIMES model.
Energy consumption, losses and emissions are projected using reduced form
equations, whichtake into account efficiency improvement possibilities and
environmental policies, including carbon prices.

The coke and derived gas activities are related to the existence and operation of blast
furnaces in a country.

The model includes representation oprocesses, whichconvert fossil fuels such as
coal liquefaction, oil gasification production of gas worksand recovery of oil
feedstock. Inputs and outputs are based on simple technical descriptions of the
processes. Activity depends on demand and on timieends, which are specific by
country. Gas works is a declining activity. The rest of the processes depend on
domestic primary production of fossil fuels. Energy consumption, losses and
emissions are calculated.

Lossesof oil pipelines, as well as ofjas tansportation and gas infrastructure are
calculated using fixed loss ratios. The calculation is integrated in the gas supply sub
model and distinguishes between different types of gas infrastructures.

The model treats petrochemicaconsumption of fuels for energy and norenergy
purposes (raw material) within the sub-model treating the chemicals sector and its
sub-sector. Other fuels used for nofenergy purposes (e.g. asphalt) are linked to
activity of the construction sector.

The PRIMES model computes in detail energy consumption by fuel type and electricity
that are used by sectors producing or converting fossil fuelfuels areused by motor
drives and enginesSteam ancklectricity are used in specific energy usesThe list of
sub-sector of the energy branch is the followingCoal, Lignite extraction Gas, Oil
extraction; Briquetting ; Coke productior; Gas works Pipelines and compressorsLNG
terminals; Nuclear fuel and wasteRefineries, Energy in other Transport uses (port
cranes and airport vehicles)



P.Projection of Energy Balances

Projection of
Eurostat
balances

Treatment of
on-site
industrial
CHP

Calculations
consistent
with CHP
Directive

PRIMES produces Excel reports containing projected energy balances by country
following the detailed format and statistical conventions of Eurostat. The projection
figures come from the various PRIMES suimodels and are fully balanced, in the sense
that they respect all balancing conditions of Eurostat methods, including balancing at:
gross inland consumption and supply, demand and supply at final energy
consumption, balance of transfer between products, consistency between inputs,
outputs, losses and energ consumption of each energy transformation activity, etc.

All figures are measured in ton of oil equivalent. Reporting of projected emissions is
also detailed as the energy balances.

The projected energy balances he two distinct forms depending on the treatment of
fuels uses to produce steam by caite industrial CHP units the CHP plants which do
not sell steam to other userk

a) as in Eurostat methods, i.e. by including these fuels in industrial energy
consumption and by not showing the steam produced by the corresponding
on-site industrial CHP;

b) asin PRIMES, i.e. by including these fuelstiansformation input tables (for
power/steam generation), by including the corresponding steam in
transformation output tables (for power/steam generation) and by showing
the steam amounts in final consumption of industry (by sector).

The data on onsite industrial CHP are produced during PRIMES model calibration
using data from Eurostat CHP surveys and other sources of infoation by industry
sector. The calibration model takes cares to produce consistent splits of CHP between
on site and distributed steam activities by sectorto match the more aggregated
statistical figures of Eurostat. Projection of orsite CHP, distinctlyfrom CHP with

steam distribution, is produced by the PRIMES power/steam model, using
assumptions regarding the evolution of steam selling market as part of the overall
industrial steam consumption.

For this purpose, the fuels, which are inputs to CHP plantsplit between a part
corresponding to an equivalent electricityonly plant and another part corresponding

to steam output by the CHP plant. The calculatiamses aformula, which is similar to

that used by te guidelines implementing the CHP Directive using distinct parameters
by type of CHP technology. The fuel to steam ratios as produced by this calculation are
usually higher than one, because steam is a4dpyoduct of efficient CHP technologies

and the addtional fuel amount needed to produce steam on top of fuels used for the
equivalent electricity-only plant is much lower than fuel amounts used by boilers to
produce the same amount of steam.

This calculation method allows PRIMES to compute in projectioribe ratio indicating
the share of electricity and steam produced by CH#® including only the part of CHP,
which complies with the efficiency criteria for CHPwhich are prescribed in the CHP
Directive. Thereby, the model can also evaluate energy and caspacts of imposing

policy-driven targets concerning the share of efficient CHP in the future.



Energy Forms in PRIMES Energy Balances

Solids
hard coal
patent fuels
coke
tar, pitch, benzol
lignite
other solids

Crude oil

Feedstock torefineries

Liquids
refinery gas
liquefied petroleum gas
gasoline
kerosene
naphtha
diesel oil
fuel oil
other liquids

Gas
natural gas
coke-oven gas
blast furnace gas
gasworks gas

Biomasswaste
Ethanol
Bio-gasoline
Bio-diesel
Bio-kerosene
Bio-heavy
Bio-gas
Solid biomass
Solid waste
Gas waste
Liquid biomass

Nuclear

Hydro

Wind

Solar

Tidal and other renewables

Geothermal heat

Methanol

Hydrogen

Seam/Heat distributed

Electricity




List of Tables included in the PRIMES Energy Balances by country and by year

Primary energy

Primary production

Recovery from coal liquefaction plants

Recovery from gas to liquids plants

Recovery of gasrbm blending of various methane

Net imports

Stock changs (+ or-)

Bunkers

Gross inland consumption

Total transformation input

Transformation input in thermal power stations

Transformation input in nuclear power stations

Transformation input in district heating plants

Transformation input for production of hydrogen and biofuels

Transformation input in patent fuel and briguetting plants

Transformation input in coke-oven plants

Transformation input in blast furnace plants

Transformation input in gas works

Transformation input in refineries

Transformation input in hydrogen production

Transformation input in methanol production

Transformation input in ethanol production

Transformation input in charcoal production

Transformation input in for blended natural gas

Transformation input in coal liquefaction plants

Transformation input in gas-to-liquids (GTL plants

Total transformation output

Transformation output from thermal power stations

Transformation output of nuclear power stations

Transformation output from district heating plants

Transformation output of hydrogen and biofuels

Transformation output of patent fuel and briguetting plants

Transformation output from coke oven plants

Transformation output from blast furnace plants

Transformation output from gasworks

Transformation output from refineries

Transformation output from hydrogen production

Transformation output from methanol production

Transformation output from ethanol production

Transformation output from charcoal production

Inter -product exchanges and transfers




List of Tables included in the PRIMES Energy Balances by country and by year

Total consumption of the energy branch

Energy branch consumption- own consumption and pumping in powergeneration

Energy branch consumption refineries

Energy branch consumptiont other sectors

Consumption in Charcoal production plants (Energy)

Consumption in Gago-liquids (GTL) plants Energy)

Consumption in Gasification plants for biogas

Consumption in gas system (storage, LNG, etxcept pipeline gas)

Consumption in Coal Liquefaction Plants

Consumption in Oil and gas extraction

Energy Sector Consumption Cok®ven & GadNorks Plants

Energy Sector Consumption Mines & Patent Fuel/Briquetting plants

Consumption in Nuclear industry

Pumped storage power stations balance (derived aggregate)

Own Use in Electricity, CHP and Heat Plants

Distribution losses

Available for final consumption

Non-energy consumption

Final non energy consumption

Final non energy consumption in petrochemicals

Final non energy consumption in other sectors

Final energy consumption in industry

Final energy consumption in iron and steel

Final energy consumption in norferrous metal industry

Final energy consumption in chemical industry

Final energy consumption in glass, pottery and building materials industry

Final energy consumption in paper and printing industry

Final energy consumption in food, drink & tobacco industry

Final energy consumption in textile, leather & clothing industry

Final energy consumption in engineering and other metal industry

Final energy consumption in other industries

Final energyconsumption in transport

Final energy consumption in railways

Final energy consumption in road transport

Final energy consumption in air transport

Final energy consumption in inland navigation

Final energy @nsumption in Pipeline transport

Final energy consumption in other transport (port cranes, airport vehicles, etc.)

Final energy consumption in householdsservices etc.

Final energy consumption in households

Final energy consumption in services

Final energy consumption inagriculture

Statistical differences




The PRIMES Biomass model

PRIMES has
devoted much
focus on biomass
supply because
technology
transformation in

this sector and
supply potential are
important for
sustainability goals.

Q.1.Model scope and aim

The PRIMES Biomass model ismaodelling tool aimed at contributing to the energy
system projections for the EU MembefStates and the impact assessment of policies
promoting renewable energy sources and addressing climate change mitigation. The
detailed numerical model simulates the economics of supply of biomass and waste for
energy purposes through a network of processes, current and future, which are
represented & a certainlevel of engineering detailfor which avery detailed database

of biomass and waste processing technologies and primary resources has been
developed.

The model transforms biomass feedstocktherefore primary energy- into bio-energy
commodities zsecondary or final form which undergo further transformation in the
energy system, e.g. as input into power plants, heating boilers or as fuels for
transportation.

The model calculates the inputs in terms of primary feedstock of biomass and waste
to satisfy a given demand for bieenergy commaodities; the model further estimates

the land use and the imports necessary and provides quantification of the amount of
production capacity required. Furthermore, all the costs resulting from the

production of bio-energy commaodities and the resulting prices of the commaodities are
guantified.

The model covers all EU27 Member States individually and covers the entperiod
from 2000 to 2050 infive-year periods. It is calibrated to Eurostat statistics wherever
possible for the years 2000 to 2010. Data from Eurostat is complemented by other
statistical sources to fill in the database necessary for the model to function.

The model can operate as a standalone modéthe demand for bicenergy
commodities is given exogenosly, but is more often used together with the PRIMES
Energy System Model as a closed loop system.

The PRIMES Biomass moded developed and maintained at E3modellingThe model
databases were improved over the years and were recently harmonised with other
European models within the Biomass Futures project. The current model version has
been thoroughly updated in autumn 2011 where the technology and process database
was updated. The historical data are updated to the latest available 2010 statistics.

Q.2.Sructure, feedstock and conversion technologies

Q.2.a.Structure
The general structure of the model can be described in the following way:

Step 1: A primary biomass commodity (e.g., sugar, starch etc) is produced/derived
from the primary resource (e.g. @ergy crops) through a primary transformation stage
(e.g. cultivation).

Step 2: The primary commodity is then, passed through a pigrocessing stage (e.g.
drying) that produces a secondary/intermediate commodity.



Step 3: The secondary commodity ishe input to the transformation process from
which the final energy product (e.g. biofuel) is derived. Logistics are taken into
account as part of the different processes:inal bio-energy supply exactly matches
demand derived from the rest of PRIMES models

FEEDSTOCK PRIMARY
PRIMARY PRODUCTION
RESOURCE Primary
(Energy crops-Forestry-Residues- Transformation
Algae) (Cultivating-Harvesting-
Collecting)

:

STEP 1 PRIMARY
COMMODITY
{Sugar-Starch-Wood-0il-
Wastes-Manure-
Agricultural Residues)

\ 4
PREPROCESS OF
PRIMARY COMMODITY
Secondary
Transformation
In situ or in the plant of
Biomass Conversion

SECONDARY COMMODITY
Ready for Final
Transformation

L 4
TRANSFORMATION
OF SECONDARY
COMMODITY
Final Transformation

(Biomass Conversion
Plants)

A 4

FINAL
e
DISTRIBUTION ay
Products
(Solids-Liquids-Gaseous)

Q.2.b.Feedstock

The primary production of biomass has been classified inttine following categories
energy crops,agricultural, forestry and industrial waste and aquatic biomass (i.e.
algae) Depending on the type of the plants that are cultivated, ergy crops are
further distinguished into starch, sugar, oil andignocellulosic crops. This
classification is dictated by thedifferentiation of the methods that each plant category
may be processed with and the final products that derive from them. Stdra@rops
include resources such as maize, wheat, barleyc., sugar crops refer mainly to sugar
beet and sweet sorghum and oil crops consist of rapeseed, sunflower seed, olive
kernel etc. Regardindignocellulosic crops there is a distinction betweenvood crops,
such as poplar, willowetc., and herbaceous lignocellulosic crops like miscanthus,
switch grass, reed etc.




Forestry is split into wood platform, i.e. organised and controlled cutting of whole
trees for energy use, and wood residues, i.e. the collewi of forestry residues only.

As mentioned aboveseveral types of wastes have been identified as potential sources
for energy supply. These include industrial solid waste, pulp industry waste (black
liquor), used oils and fats, municipal waste, sewage slgd, landfill gas, manure and
animal wastes.The table belowsummarises all the types of primary biomass/waste
effectively used in the model.

Energy Crops Forestry Wastes and Aquatic Biomass
Residues

Starch Crops Wood Platform Agricultural Residues Algae Biomass

Sugar Crops Forest Residues Wood Waste

Oil Crops Waste Industrial Solid

Lignocellulosic Crops Black Liquor

Used oils and fats
Municipal Waste
Sewage Sludge
Landfill Gas
Manure

Animal Waste

91 Herbaceous Crop:
1 Wood Crops

Q.2.c.Biomass Conversion

The PRIMES Biomass model includes numerous production pathways for the
production of biofuels for transportation, both for road andnon-road, as well as
pathways producing bioenergy commodities as inputs into electricity and heat
generation sectors. The ed products available in the model include bieenergy
commodities such as biofuels for road transportation, biogas, small scale solids
(mainly pellets) and large scale solids, which mainly are for use in the power
generation and industry. Transportation bbfuels include diesel and gasoline from
biomass (both conventional and advanced biofuels), bikerosene for aviation, bioe
heavy for navigation, as well as bigas. For gasoline and diesel the model
differentiates between conventional and advanced biofuelsyhich are considered to
be fully fungible with conventional fuels and can therefore be used in existing engines.
For gaseous bieenergy commodities, the model differentiates between bianethane,
which is biogas upgraded to pipeline quality and biogas.

Some ofthe bio-energy production technologies such as fermentation of sugars for
ethanol production or transesterification of vegetable oil for the production of
biodiesel, are technologicdly and economially mature processes and are already well
established in Europe for the production ofbiofuels. Other technologies, such as
pyrolysis of wood, offer significant benefits, regarding mainly the utilisation of
cheaper and abundant feedstockequire further research and developmentto
becomeeconomicallycompetitive. This process is fully endogenous in the PRIMES
biomass model.

An extensive literature review was conducted in order to identify those biomasto-
bio-energy commoditiesconversion technologies that beasignificant potential for
future penetration in the biofuel market. The choice of the technologies that are finally
selected to be included in thd?RIMESsiomassmodel was made based on the current
status of technical and economic development, research efforts and possibilities for
future improvements, type of feedstock and type and characteristics of final products.
The technologies that are incorporated in thenodel arebased on the different
conversion chainswhich constitute pathways of primary biomass transformationto
ready-to-use bio-energy commodities.



FEEDSTOCK

PRODUCTION PATHWAY END PRODUCT

Starch crops, Sugar crops Fermentation Ethanol

Woody Biomass

Enzymatic Hydrolysis and Fermentation Cellulosic Ethanol

Woody Biomass

Enzymatic Hydrolysis and Fermentation
HTU process, deoxygenation and upgrading

Pyrolysis, deoxygenation and upgrading Ethanol
Pyrolysis, Gasification, FT andpgrading (advanced)
Woody Biomass, Black Liquor Gasification, FT and upgrading
Aquatic Biomass Transesterification, Hydrogenation and Upgrading
Oil crops Transesterification -
- - - Biodiesel
Starch crops, Sugar crops Enzymatic Hydrolysis anddeoxygenation
Oil crops Hydrotreatment and deoxygenation
Woody biomass, Black Liquor Gasification and FT
Aquatic Biomass Transesterification and Hydrogenation Biodiesel
HTU process and deoxygenation (advanced)

Woody biomass

Pyrolysis and deoxygenation
Pyrolysis, Gasification and FT

Woody biomass

Gasification and FT

HTU process and deoxygenation
Pyrolysis and deoxygenation Bio-kerosene
Pyrolysis, Gasification and FT

Aquatic Biomass

Transesterification and Hydrogenation

Woody biomass Gasification and methanol Synthesis Bio-methanol
Woody biomass Gasification and DME Synthesis Bio-DME
Woody biomass, Black Liquor Gasification

Organic Wastes, Starch

AnaerobicDigestion

Woody biomass

- - Biogas/ Bio-methane
Enzymatic Hydrolysis

Catalytic Hydrothermal Gasification

Woody biomass

Hydrothermal Upgrading (HTU process)
Pyrolysis Bio Heavy Fuel Oil

Black Liquor Catalytic Upgrading of black liquor
L : :
andfll_l, Sewage Sludge Landfill a_md gewgge sludge Waste Gas
Organic Wastes Anaerobic Digestion
Industrial Waste, Municipal Waste
(solid) RDF Waste Solid

Woody biomass

Small Scale Solid

Woody biomass

Large Scale Solid

Sugars & Starch
Fermentation

Lignocellulosic
Fermentation

Q.2.d. Technologies for Bioethanol production

Bioethanol is used in spark ignition vehicle enginesither blended with gasoline or in
pure form if the engines are properly modified. At present bioethanol is mainly
produced from sugar crops via fermentation. Currently in Europe sugdeet and

sweet sorghum are mainly used as feedstock. Starch crops are also being used as
feedstock. In that case an additional prprocess stage is needed to hydrolyse starch

into simpler sugars before fermentation that implies a cost difference betweesugar

& starch fermentation processes. Thus, in PRIMES Biomass Model Sugar Fermentation
& Starch Fermentation are treated as separate technologies.

Bioethanol can also be produced using as feedstock lignocellulosic cropsahgh the
biochemical conversion of the cellulose and hemicelluloses components of biomass
feedstock into fermentable sugars. Cellulosic ethanol has the potential to perform
better in terms of energy balance, greenhouse gas (GHG) emissions and {asd
requirements than starch-based biofuelsUnlike production of bio-ethanol from sugar



Transesterification

Fischer Tropsch
Synthesis

Pyrolysis

Hydro Thermal
Upgrade

and starch crops, this process is still under developmemiowever, a lot of research is
taking place both in Europe and in the USA implying significapbtential .

Q.2.e.Technologies for Biodiesel production

Biodiesel is merely produced from vegetable oils by catalytic transesterification with
methanol. Biodiesel produced in this way has similar properties with fossil diesel and
may be used in conventional engines blended up to a proportion with fossil diesa

in modified engines in higher proportions. Vegetable oils may be produced from
several biomass sources, such as rapeseed, soya been, sunflower, olive kernel etc. In
Europe the most common feedstock for the production of vegetable oil as feedstock
for further conversion into biodiesel is rapeseed. Other vegetable and animal fats as
well as used oils may also be used as feedstock to the transesterification process.
Transesterification is awell-establishedtechnology and is largely deployed in Europe.
Additionally, research has been performed to examine algail production from
microalgae cultivation that could be used as feedstock for the production of biodiesel
via transesterification offering various potential advantages when compared with
traditional oil crops.

The production of diesel from coal via the Fischefropsch process is a technology
with long history. Historically the approach has focused on the conversion of cetd-
liquid fuels and chemicals. Recently the utsiation of biomass derived syngas is
proposed for the production of FischefTropsch biodiesel. The thermechemical route
involves the production of a synthesis gas, which is cleaned, before passed through
the FischerTropsch process, to create a range ofjliid fuels, but primarily synthetic
diesel. The production of FischefTropsch diesel requires thorough cleaning and
conditioning of the biomass derived syngas, which currently bears a lot of technical
difficulties and challenges and deteriorates the econoits of the technology. However,
the combination of the multiple feedstock gasification with the synthesis of Fischer
Tropsch diesel is an attractive alternative for the production of a fossil diesel
substitute.

Pyrolysis oil is produced by a thermaechemical conversion process called flash
pyrolysis. In order to be used as transport fuel, pyrolsis oil has to be hydre
deoxygenated using catalysts and stabilised to reach specific quality requirements.
Since it is not mixabé with fossil diesel, the resulting fuel may only be used directly in
modified diesel engines. Pyrolgis oil can also be used for cdiring in power and

steam generating units, or may be gasified for the production of syngas. The
technology has not reachedo a maturity status yet and there are significant
difficulties that have to be overcome. However, since almost any type of biomass can
be used in flash pyrolysis, including lignocellulosic biomass, the technology is
attractive and bears significant potemial for future deployment.

Another substitute of fossil diesel is proposed by converting almost all types of
biomass into liquid biofuel via a process called hydrehermal upgrading (HTU).

During HTU process, the biomass is decoroped in water to produce a crude oilike
hydrogenation with catalysts to achieve fossil diesel quality and may be blended in
any proportion with conventional fossil diesel. The technological status of the HTU
process has not reached maturity yet. Furthermore, it is a highly energy intensive
process which further reduces its economic performance. Nevertheless, the utilization
of a wide variety of feedstock ranks HTU as a candite technology for future
production of biodiesel.

Q.2.f. Technologies for bio-kerosene production

Bio-kerosene is alternative for jet fuel having similar properties to petroleurrderived
kerosene. Currently biekerosene production is under research and ogltest flights
have been performed. The airline industry aims not only at replacing fossil with



Anaerobic
Digestion

Gasification

Waste Gas

production

Solid woody
biomass

Waste Solid
production

renewable fuels but also to improve fuel efficiency standards and reduce the volume
of greenhouse gas emission®RIMES includes fungible bikerosene production in
the period mainly after 2030.

Q.2.g.Technologies for biogas and bio-methane production

A series of biological processes in whiciicroorganisms break down biodegradable
material (biomass); in the absence of oxygen, anaerobic bacteria ferment biomass into
biogas. Biogas can be produced this way from almost any organic ttes such as
agricultural residues, animal waste and manure. In thPRIMESBiomass Model,
Anaerobic Digestion is used to produce biogas from every raw material mentioned
above. Biogas is a mixture of G@nd CH. Methane represents approximately a 60%

in the total mixture. In order to increase Chkiproportion in the mixture, biogas passes
through an upgrading process where CQs absorbed or scrubbed and finally leaves
98% of bio-methane that can be directly injected into the naturatjas grid.

Biogas can also be produced via gasification. This route habig potential as a wider
range of feedstocKike wood can be used. Biomass is gasified at high temperature,
producing bio-syngas. The biesyngas enters a gas cleaning section angen passes
through a methanation unit where CO and H2 are converted into bimethane and
CO2. After CO2 removal, the gas is ready for igf®n into the natural gas grid.

Waste gas consists of Sewage Sludge Gas and Landfill Gascimalbe produced via
anaerobic digestion technology using Waste Sewage Sludge and Waste Landfill Gas as
feedstock. Anaerobic digestion for the production of waste gas is currently widely

used in Europe. Due to the impurity and the lower methane content ofaste gas
compared to that of the biogas (biemethane) described above, waste gas cannot be
injected into the natural gas grid and its main applications are to produce electricity

and heatingat small scale

Q.2.h.Technologies for bio-heavy production

Bio-EAAOU ET AMICOMARG GAIEAN 6PUOT T UOEO TEI G DHOI
Hydrothermal Upgrade. It is mainly produced to be further altered into biodiesel

through transesterification, but could also be used for heat generation or as transport

fuel in bunkers.

Q.2.i. Technologies for Small & Large Scaleproduction of solids

Small & Large Scale Soligvoody) consists of wood logs and pellets for small and
large-scalecombustion for power and heating generation, produced from pelleting
and logging processes of wood biomass.

Waste solid consists of Mass burn waste (MBW) and Refused derived fuel (RDF). Mass
burn refers to the incineration of unsorted municipal waste in a Municipal Waste
Combustor (MWC) or ¢her incinerators designated to burn only waste from
municipalities. RDF isasolid fuel for direct combustion and covers a wide range of
waste materials processed to fulfil guideline, regulatory or industry specifications
mainly to achieve a high calorift value. Waste derived fuels include residues from
MBSW recycling, industrial waste, industrial hazardous waste, biomass waste, etc.
RDF can be produced from municipal solid waste through a number of different
processes that in general consist of separain and sorting, size reduction (by
shredding, chipping and milling), drying and finally transforming the combustible
waste into cylindrical solid fuel.

Q.2.j. Technologies for bio-hydrogen production

Bio-hydrogen is a promising future energy source due tits very high-energy content
and the fact that it produces almost no emissions when burnt. It could perform either
as direct fuel in engines that would burn pure hydrogen or as electric power source
for electric motor vehicles (through a fuel cell). Biehydrogen canbe produced from
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bio-syngas, a mixture of klland CO formed from biomass derived char, oil or gas. In
PRIMES Biomass model, bisyngas is derived through biomass gasification, to
achieve higher ratios of H/CO, an important factor that affectdts performance as fuel
source. The resulting mixture passes then through a solvent separation system to
absorb CO and release bibydrogen.

Q.3.Biomass Model Methodology

The PRIMES Biomass model is an economic supply model that computes the optimal
use of resources and investment in biomass transformation processds,meet a given
demand for final biomass energy products under least cost condition§he PRIMES
Biomass modekolvesa non-linear optimisation model. Concatenated with the rest of
the PRIMES suite, establishing a closed loop, the PRIMES Biomass modeka Mixed
Complementarity Problem (MCPglgorithm to determine the equilibrium of demand
and supply, and the prices of bieenergy commodities The time horizon of the model

is 2050. The modéprovides dynamic projections to the future from 2015 until 2050

in 5-year time periods with years 2000 to 2010 being calibration years.

The PRIMES biomass model solvesfor cost minimisation from the perspective of a biomassupply planner,

who fully anticipates demand, fuel prices, biomass costs and technology improvement potentials if deployed in
large scale The optimisation is constrained by:

a) the graph of possible conversions and transformations of feedstock to final benergy commaodities,

b) demand for bioc-energy commaodities,

c) availability of land and feedstock,

d) costsupply curves denoting import possibilities and

e) policy regulations including sustainability and fuel quality criteria.

The modeldetermines:

a) the optimal use of biomasévaste resources

b) the investmentsin technologies for biomass conversion to bieenergy commaodities,

c) the use of land,

d) the imports from outside the EU and the intraEU trade of feedstock and bienergy commaodities,
e) the costs andthe consume prices of the final bioc-energy products as well as

f) the greenhouse gas (GHG) emissions resulting from the bémergy commaodities lifecycle.

The decision on investment for the secondary and final transformation processes is endogenous using
technology \intages and dynamics of technology development. Furthermorendogenous learning -by-doing

for all technologies has been included, to simulate technological change and decrease of costs of technologies
as related to the cumulative experience gained in therpcess of commodities production. Improvements in

each technology are described by one learnirlgy-doing curve for each technology, uniform for all Member
States of the EU; therefore learnindpy-doing effects spill over to the whole EU.

Q.3.a. Inputs
Overview of The model input data are country specific dataThey includedataon:
input data 9 agricultural land use productivities and availability,

1 costs and commodity prices [frices ofelectricity, gasand other liquid fuels
come from the rest of the PRIMES modgl

9 technical-economic features ofbiomass conversion processs including
learning by doing potential

1 biomass and waste resources potentiadnd thecost supply curves

9 import and bilateral trade possibilities.



For the feedstock pricesthe model uses cossupply curves(with increasing slopes)
which are specific by country and depend on land availability, productivity trends and
the use of fertilizers(counted in the externaleffects). Exogenous assumptions and
estimates are used about land availability and yield improament possibilities for the
various energy crops. The yields are assumed to increase over time due to technology
developments anddepending on deployment of specifiagricultural policies, which

vary by scenaria

Q.3.b. Endogenous trade
The model fully formulates trade of both primary biomass and end bieenergy

Endogenous o I ! . ;

commodities within the EU and with regions outside the EUTradable feedstock
trade of considered are pure vegetable oil, which is mainly impaed palm oil, and solid
feedstock and biomass. Thebio-energy products assumedtradable are solid biomass, conventional
bio-energy and next generation biodiesel, bioethanol, bigasoline (meaning cellulosic

bioethanol) and bio-kerosene. The trade takes place both between EU Memisstiates
commodities with endogenous transportation costs depending on transportation possibilitieand
with other countries outside the EUTheregions outside the EUcarrying biomass
trading with the EUare modelled in aggregate categorieincluding North America, C§
and the rest of the world. The trade that takes place between Europe and the rest of
the world includes as main providers for wood CIS and North America, while for
sugarcane bieethanol Brazil. Imported oil is for the most part palm oil mainly from
Indonesia and Malaysia. Imporpossibilities from outside the EU are described
through costsupply curves, whichchangeover time andin the context of different
scenarios depending on assumptions about biomass use for energy purposes in the
rest of the world. Trade within the EU depends on transportatiorcosts, which are
determined, based onaggregate spatial information.
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!
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Fulfil restrictions

|
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Q.3.c.Mathematical specification of the model

The biomass supply model of PRIMES solves a problem of minimizing total letegm
supply costs of meeting a given demand for bienergy commodities, which is derived
from the rest of PRIMES model. The minimization is subject to equilibrium
constraints, which represent the cost structure of various feedstock supplying
possibilities, as well as the cost functions of technology suppliers. Policglated
restrictions are represented as overall constraints, such as for example the
sustainability criteria. It is assumed that a variety of biomass producers and
transformers acting in all EU MembeiStates compete with each other in production
and in biomass commodity trading among the Membe$tates. Thus, the optimization
solves for all the MemberStates simultaneousy as well as for the entire time horizon



assuming perfect anticipation by all market actors. The model also determines bio
energy commodity pricesbecauseof maximizing social surplus by MembeiState
subject to recovering all types of fixed and variableasts of biomass supply.

At a first glance the biomass supply optimization resembles a least cost transport
problem consisting of finding the least cost way of meeting demand for bienergy
commodities (denoted by'@through feedstock resources (denoted by) which are
stepwise transformed into final commodities in a variety of processes (denoted 5§
The technically feasibleconversion andtransformation pathways are considered to
belong to the mappingQi hAQ Both demand and supply are located #e EU
Member-States (denoted bye), which are linked together through a transportation
network used for trading bio-energy commodities among the Membe6tates. In
addition, the MemberStates are connected tmon-EUregions for importing biomass
feedstockand/or ready-made bio-energy commodities.

Feedstock can be produced in the EU from crops, residues (agricultuferestry), and
wastes. Owners of resources used to produce feedstock (such as laedjdue,or
waste collectors) are assumed to have differdrcost structures and to compete with
each other. Thus, supply of feedstock is assumed to derive from casipply curves,
denoted by"Q "0, which depend on quantities produced annually"'Q) and exhibit
decreasing returns to scale. The cost supply cueg are also specified by Membe$tate
(¢) and over time ©).

Exporters from outside the EU addressing the Membe8tate markets are assumed to
price feedstock or bicenergy commodities according to their own cossupply
structure, which is subject to resaurce limitations. Thus, import prices increase with
imported quantities i € i"Qfollowing an ascending costsupply function:

a 0 where 0 denotes imported quantities andQdenotes the various
non-EUimporting origins.

The processes Qtransforming feedstock into bio-energy commodities have
processing capacities § ;) which are formed by accumulating investment@). The
technology characteristics (unit costs, efficiency, and input/output ratios) are specific
to the year of investment, but for new installations they evolve over time depending
on technology supply which follows learningby-doing curves, denoted

by/bB B '@ exhibiting decreasing costs and increasing performance as a
function of total installed capacity in the EU.

Production in time 6from a processing unit'uilt in time 1 (i.e."O; ) is constrained

by available capacity { ). In addition, the rate of use of capacities cannot decrease
below a certain leve] otherwise, the capacity is not at all used. As the optimization
assumes perfect foresight, obviously only capacities with sufficiently high rates of use
will be built. Thus, the model simulates competition between various processing
technologies.

Both the decreasingcosts due to the learning curves and the capacity usage
constraints violate standard convexity requirements and so the optimization is
formulated as a mixedinteger programming problem.

The main unknown variables are’G; ;; the domestic production d feedstock, G5 i
the production of processes) rrpr and0 fry i the imports of feedstock and ready
made bio-energy commodities from non EU countries) 5 and"Q j the capacity and
investment in processes (of vintage) and @y i,  the exchanges of bieenergy
commodities between the EU MembeBtates € &being an alias of).

Market equilibrium is formulated by Member-State and for each bieenergy
commodity, requiring that total supply from domestic production and imports (both



outside the EU and from other EU countries) meets exactly given demand in each
period. Market equilibrium is thus ensured through the following condition:

ToER MR R e
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where Qj, is the demand for biecenergy commodities, given from the core PRIMES
model.

Production by transformation processes uses inputs and outputs related to each other
through a production possibility function, denoted bym j; which determines demand

for feedstock (Oy;; 1,;) and fuel (and electricity) consumption (O i i ):

Tl ik Ve v NE - M AW < )

Ok i JiA @ Qv QiREQNE A A T o (3)

Capacities of processing are determined by investment accumulation, as follows
(initial conditions concerning old existing capacities are not shown):

4)
ER AT o (5)

Orpn Qf Oppp /™@eH AT o (6)
where 6 , ; is the minimum rate of use of capacities an®y, j,; denotes the
decommissioned capacities, which depend on technical lifetime. The time indé&x
which must be lower or equal than current projection timeo, denotes the technology

vintage for processing unitsand so production as well as technology characteristics
are specific to a vintage.

Total demand for feedstock by type has to be met by domestic production and by
imports from non-EUcountries:

U gwre 7w
g

The part of domestic feedstock originating from crops is associated with land use
(0 5 ) through a production function (wp ) which exogenously assumes yield growth
trends, specifically by crop type and by country. Similarly, other feedstock types, such
as residues or waste, are using primargesources, which are also denoted byj j
and their use depends on productivitytrends captured through the functionwy, . Total
domestic resources by type of feedstock give uppéounds) j ;, whichrepresent
technical potentials.

()
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Emissions of greenhouse gases are related to energy consumption in the

transformation processes, which include collection and transportation of feedstock,
and to emissions related to domestic production of crops. Emissions by type of bio



energy commodities across the chain of production will have to be lower than a
threshold (a sustainability criterion):

m O™ O i ik

i | ¥ W (10)
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where ‘Q dare greenhouse gas emission factors) ‘@s the specific emission threshold
(the sustainability criterion) and &, denote the share of feedstock of type used to

produce bio-energy commodity @hrough a processof type 'Q

It is assumed that the actors optimizing total biomass supply anticipate the economics
of feedstock supply, as well as the cost functions of imports and the learning curves of
technology supply.Thus,they take into account the gradients of th corresponding
cost-supply curves in their optimization. In this sense, the optimization corresponds

to a problem of mathematical programming with equilibrium constraints.

Total biomass supply system cost include in addition the annuity payments for caplit
investment in transformation processes, the variable and energy costs, the fixed
operation and maintenance costs and the transportation costs which depend on
distances between the MembeiStates. The annuity payments depend on a weighted
average cost otapital ” ) which may differ by country and by type of process. The
aggregation of total costs over time use present values discounted using a social
discount rate {( ).

Total intertemporal biomass supply system cost is then defined as follows:

1

Fo Ve gt Bravre  Ogv g
< . v [ | |
<4« (11)
OBk T Ak Wie
W«
iR e O e

. |
where "t 5 VHD ;A ;s | denote respectively the feedstock cossupply
function, the imported feedstock costsupply function, the technology learningby-
doing function, the variable cost function for processes, the transportation cost
function for intr a-EU trade and the cossupply function for imported bio-energy
commodities from outside the EU. Annuity payment factors for capital investment are

represented bye " j

The optimization problem consists in minimizing total cost given by11), sulject to
the constraints that are described by1) to (10) and to non-negativity constraints for
the unknown variables. The anticipation of the equilibrium conditions by thecost-
minimizing agent is incorporated directly in the objective function through tle cost
supply curves and so it is hot needed to solve the model using an MPE&E&gorithm.

16 Mathematical programming with equilibrium constraints (MPEC) is the study of constrained
optimization problems where the constraints include variational inequalities or complementaritiesThe
lower level optimization problems represent decision by suppliers (of feedstock, imports and technology)
for which it is assumed that they have analytical solutionsiithe form of costsupply functions.



The dual variable of(1) is the long-term marginal cost of demand for bieenergy
commodities and the dual variable of7) is the longterm marginal value of feedstock

supply.

To determine the prices of bieenergy commodity by type and by country, the model
formulates a RamseyBoiteux pricing methodology. This rule takes the perspective of
a multiproduct monopolist, which sets the pricesto maximize social surplus subjet to
a constraint on profits for which total costs include fixed and sunk costs. Such a rule
often applies to regulatedutilities, which develop new infrastructures,and is
consistent with regulators aim at maximizing welfare together with ensuring effedve
investment. For long term planning, as it is the purpose of the model, the Ramsey
Boiteux pricing is appropriate for an emerging industry, such as biomass production
for energy purposes. Theprice-setting outcome is also compatible withwell-
functioning markets, which will have to be competitive while providing assurance
about fixed cost recovery.

It is assumed that the bieenergy commodities address different markets where they
compete against other forms of energgnd that demand for these commodities
depend on prices. The numerical values of the price elasticities are knowsing the
core PRIMES model, which among others calculates the demand for the-bitergy
commodities. Assume that the implicit demand functions are denoted Q7 N h
wheren i are the prices of the bieenergy commodities. Let us denote by

“ri Qpp the inverse demand functions. Cost of supply of bienergy commodities
is known by solving the optimization problem mentioned above, which efines an
implicit cost function denoted byé ; Qp ;A "Qas depending on the entire bundle of
bio-energy commodity demand by country. Consequently, total reveni(ié j by
country, profit L and social surplusw j can be calculated as ftows:

7 - e Ziia e Mipe | oH < (12)

Lr Yr O0fQppR™Q B VERO (13)
T
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Price determination derives from maximizing social surplusy j calculated by(14),
subject to profit, calculated by(13), being equal to a fixed value { which is typically

set equal to zeroor to an exogenously defined levelSolving this problem leads to
price setting through:

SIS T TR (15)
where G}, ;, results from social surplus maximization under the profit constraint. The
parameter 5 j may be used to represent a variety ofxted or sunk costs that are

needed to develop the emerging bie@nergy market, as well as opportunity costs for
example in relation to prices of energy commodities competing with bi@nergy ones.

Q.4.Representation of policies and measures

The PRIMES Biomasmodel is designed to take into account legislation that concerns
the use of biomass in energy sector and thus constitutes a tool for the evaluation of
the way policies affect the biomass supply system. Additional to current legislation
the model is ableto simulate other policy contexts, therefore the impacts of different
policies, beyond current legislation, and measures can be simulated.



The EU
Climate &
Energy
package
Emissions
constraints

Sustainability
criteria

Other policies

The achievement of the EU 2@0-20 targets is implemented in the PRIMES energy
system model and the demand delivered to the PRIMES Biomass model therefore
includes these targets. Currently, the model takes into account the RES Directive
(Directive 2009/28/EC), the Fuel Quality Directive (Directive 2009/30/EC) and the
Biofuels Directive (Directive 2003/30/EC).

Restrictions per bio-energy commodity express that the greenhouse gas emissions
(GHG) as percentage of emissions avoided for each biomass commodity have to lie
above a certain percentage threshold, determed by current legislation. The
threshold imposed by the RES and the Fuel Quality directives is used, bahstraints
that are more stringentcanapply depending on the scenario.

Carbon emissions are calculated for each final bienergy commaodity as a sum of
emissions in all stages of the chain of commaodity production and transformations. The
emissions are computed by multiplying the quantities of energy forms (oil products,
gas,and electricity) used in the production and transformation of biomass

commodities by specific emissions factors. These factors are obtained from the results
of the rest of PRIMES model.

Emissions resulting from indirect land use change (ILUC) can be includlin the
calculation of the overall emissions, despite the fact that ILUC emissions are not taken
into account in current legislation methodologies.

Additional to the GHG mitigation criterion, other sustainability related restritions can
be effectively applied in the PRIMES Biomass model. The criteria currently used in the
model are the ones set out by the RES and the Fuel Quality directive and are related to
high biodiversity land and to land with high carbon stock. According ttegislation, the
raw materials used as biomass feedstock cannot be obtained from high biodiversity
areas, such as undisturbed forests, high biodiversity grasslands and nature protection
areas, unless the production of that raw material is obtained harmlay. Furthermore,
land with high carbon stock cannot be converted to biomass feedstock cultivation
area, thus areas such as wetlands, continuously forested areas qeht landsare
excluded from the land that can be used for the production of energy cropehese
criteria set restrictions to the total acreage of land dedicated to energy crops used in
the model, as the energy crops production can only take place in a sustainable
manner.

Other sustainability constraints, beyond the ones set out by the RES Ditiee and the
Fuel Quality Directive or enhancement thereof can also be incorporated in the PRIMES
Biomass model, such as constraints concerning sustainable use of fertilizers and the
quality of water and air. Extensions of the sustainability criteria tormported fuels can
also be incorporated in different ways e.g. by assuming higher prices or reducing the
guantities available for imports.

The model can further implement other policies and measures. In different scenario
contexts, policies towards climate change mitigation can be simulated, such as policies
facilitating the use of Renewable Energy Sources and the application of carbon values
to the ETS andhon-ETSsectors. Furthermore, measures such as subsidies can be
effectively incorporated in the model, as well as sensitivity analysis on the effect of
various parameters, such as conventional fuel prices, on the biomass supply system.

Q.5.Database of PRIMES biomass model

The construction of the biomass database was one of the most dendamg and time
consuming tasks in the model development process. Extensive literature research has
been carried out in order to establish a reliable technical and economic database for
each stage of biomass conversion chain. The current model database hasn

thoroughly updated in autumn 2011, when the technology and process data were



Historical data

Technical-
economic data

updated. The historical data are updated to the latest available 2010 statistics. The
model databases were recently harmonised with other European models within the
context of the Biomass Futures project, while extensive use was also made of data
developed from previous projects, such as VIEWLS, REFUEL, BIOPOL and JRC.

The database of the PRIMES Biomass model has sevemhponents, whichcan
broadly be classified as: the lsitorical statistical data; techneeconomic data related to
technological parameters for the processes; country specific data relating to
agricultural/land use parameters as well as cost data; and import/export data
referring to the trade of commaodities ouside the EU.

The PRIMES biomass model uses historical data from 2000 to 2010 for calibration and
is able to represent the historical biomass situation in the EU. Where data is available
the model is, like all PRIMES family models, fultalibrated to Eurostat; as not all data
for biomass is available in Eurostat the model uses also further information sources,
such as FAOstat and Enerdata. The effort of collecting, analysing and filtering the most
reliable data available for the past yea, demands a long time endeavour. This

process was fully concluded in autumn 2011.

The techneeconomic data specifies the characteristics of the technologies and are
updated to reflect the latest technology developments; the projections for the
development of technologies to the future were also updated to the latest available
data and Iterature available.

The data underlying the final values used within the PRIMES Biomass model are taken
from a large variety of sources including ECN and OEKO; expert judgemexternal
consultation with experts, in particular whentechnology data was ot found in

literature or when it was not possible to determine the robustness of a data source.



HISTORICAL DATA

DESCRIPTION

SOURCE

Bio-energy production

Amounts of final bio-energy commodities
produced

Key source for the data concerning bio
energy production for historical years is
Eurostat

Production technologies used

The information concerning the
production technologies used derive
from several sources, such as Aebiom an
EurObserver

Land data

Includes the cultivated land per crop for the
production of biofuels for historical years.

Aebiom and other sources

Technical data for historica

years

All techno-economical information needed for
historical years, including costs per processes
(capital, fixed and variable costs), heat rate of
processes followed, fuel consumption

The techneeconomical information used
mainly came from ECN and OEKO and

were complemented by studies of NTUA
and the Agricultural University of Athens

Energy crop production
cost

This data set includes all the essential
information for the computation of the
production cost of energy crops for historical
years per crop type and country (land yield, land
renting cost, labour cost, cost of equipment, cost
and uptake of fertilizers and nutrients, fuel
prices)

The data concering the production crop
of the energy crops was derived from
various sources such as USDA, FAO and
FAOSTAT and several others were
consulted such as the International
Fertilizer Agency

Imports data

Information regarding the trading activity that
took place internally in the European Union and
among European Union and the rest of the
world.

Data from various sources were used
including the NREAPs

Fuel prices

Fuel prices for fossil fuels used during the
production process

PRIMES model: based on Eurogtand
Enerdata

TECHNCAEECONOMIC
DATA

DESCRIPTION

SOURCE

Cost per process

Here capital, fixed and variable costs are
represented per process, from historical and
current years to future estimations of
technological maturity.

Heat rate

Model heat rate is used to indicate the efficiency
of each process.

Technical Lifetime

Technical lifetime for every transformation
process.

Amortisation

The period to amortise a process investment.

Utilisation

Utilization rate of a production facility.

Technical availability

Estimates about the availability of a technology
at a commercially mature level

Fuel consumption

Amount of energy consumed petechnological
process.

For the collection ofthe technical-
economicdata many sources and reports
were consulted. External consultation
with experts from the Chemical
Engineering Department of NTUA and the
Agricultural University of Athens took
place.

The data that form the PRIMES Biomass
model datakase are harmonised with
other European models.




Country-
specific data

In PRIMES Biomasmodel, numerous conversion pathways are combined to shape
the biomass to energy conversion route, producing a variety of bienergy products. A
schematic overview of the biomass conversion technologies effectily used in the
model is presented in Annex.

Data was researched for each component of the process in order to have updated data
for technologies, which currently do not existpr for which data are not available, e.g.
data concening the processes for the conversion of aquatic biomass to final bio

energy commodities.

This data refers mainly to agricultural and land use parameters and data referring to
costs, including cost supply curves for feedstock as well as commodity prices
(electricity, gas, other liquid fuels). The data mentioned in this section refers to
country specific data about future developments; past years are covered in the section
on historical/statistical data.

Several sources were used to construct the primary bimass potential databases. The
available energy crops production is determined endogenously by the model using
exogenous assumptions pertaining land availability and land productivity yields. The
yields are crop specific and are assumed to increase overtindue to technology
improvements in agriculture and additional agricultural policies. The model uses
curves to simulate different types of land with different land productivity and

fertiliser needs.

Concerning primary biomass potentials, several sources were used to form the model
databases. Information on energy crops were mainly derived from EEA studies and
EUWood data and estimates was used to determine forestry potentidlhe municipal
waste and andfill potential is based on values derived from GAINS and own analysis

The analysis was based on the population growth estimations for each Member State
and used data derived from Eurostat waste statistics. Expert judgements were used in
order to disaggregate the waste potential derived from Eurostat into the four
categories used in waste management. Thus, the amount of waste land filled,
composted, incinerated and recycled was determined and therefore the waste
potentials that can be effectively useddr energy purposes were specified. Regarding
black liquor, studies were used to determine current potential, whereas potential
projections to future years followed paper and pulp industry growth rates.



EU27 MEMBER STATETBA

DESCRIPTION

SOURCE

Potentials

Potentials for all biomass types of feedstock
resources identified, are available, within the
PRIMES biomass model in great detail.

A number of sources were used for the
construction of the potentials database,
such as EUwood, EEA, Alterra etc.

Demand on biofuels and
other bioenergy products

PRIMES biomass model is linked with
PRIMES core model as it is determined to
compute all the outputsto meet a given
demand of bioenergy products projected by
PRIMES model. The demand is provided by
country and by fuel. External sources which
give biofuel demand can be used

The most frequently used data source
is the PRIMES Energy System Model.
Depending on the scenario other
external sources can be used, e.g. the
National Renewable Action Plans
(NREAPSs) subriited by the EU
Member States

Energy fuel prices

Another input for PRIMES biomass model,
are the fuel prices of electricity, diesel oil and
natural gas calculated by PRIMES core
model, that are being consumed through the
various biomass transformation processes,
to produce final bioenergy products from
primary biomass feedstock.

PRIMES: the costs for the fuels depend
on the scenario context in which the
scenario is run

Cost supply curves

Estimated economic supply curves for all
biomass supply categories in which the
initial biomass primary resources fave been
analysed.

Land data Land availability for dedicated energy crops
cultivation for every European Member
State.

Energy crops yield Possible yields for different kinds of energy

crops (sugar, starch, oil, wood lignocellulosic
and herbaceous lignocellulosic crops)
differentiated per European country taking
into consideration climate and currently
dominant types of crops.

Energycrops production
cost

Detailed information on land renting cost,
land yield, labour cost, cultivation cost, price
and crop absorption factor of fertilizers and
nutrients and fuel prices for agriculture
(given by PRIMES core model), that are
available per energy crop type and European
country, result in calculating the overall
energy crop production cost.

The data concerning energy crops was
derived from various sources such as
EEA, USDA, FAOSTAT, EUWood, as v
as from previous projects such as
VIEWLS and REFUEL

GHG Emissions

To compute the total C@emissions and
emission savings resulted from the extensive
use of biomass derived energy, emission
factors from PRIMES core energy model for
electricity, diesel oil and natural gas are
included within the inputs of PRIMES
Biomass model. For electricity the values are
country specific based on the mix of fuels in
power generation and they change over the
years basedon the scenario projection.
Moreover percentages that simulate the
abatement of C@emissions that needs to be
accomplished according to the EU

Renewable Energy Directive are included.

PRIMES Energy System model
IPCC methodology for the calculation
of N2O emissions

IFPRI, OEKO for ILUC emissions




Trade & Import The Primes Biomass model allows trade of biomass feedstock and end-icergy
commodities between Member States, as well as between the EU and the rest of the
world. Information concerning the trading activity of Europe, both internal and
international, is covered. Historical data sets are collected from the year 2000 to 2010,
in order to comply with statistics. The necessary data for the construction of this part
of the databasewere derived from several sources.

data

TRADE & IMPORJATA DESCRIPTION UPDATES THROUGH B33
FUTURES PROJECT

Potentials Potentials for all products (biomass
feedstock or end energy products)
imported internationally are available in
detail.

Imports exports supply curves| Estimated economic supply curves for all
international imports and exports

Data from various sources were
used to form this part of the
database, such as IEA, Enerdata,

: activities. ___________ Eurostat, NREAPS, the U.S. DOE,
Distances and trade Trade matrix simulating distances and
- - FERN and FAOSTAT
connections trade connections between member
states and rest of the world.
Transport Costs and means usefibr transportation

regarding internal European trade and
international imports
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