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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.

E2Modelling

Paged



$UT ATl EAO
OAAET T 11
1$UT Al EA
5 OO0AIT 1 U
/Al OAOECE
| OEAO 1t
AOA AOAE

=

T Do Dt Do —
- = = OO
O M M D
O>>W O
>°—\

> = O

> T
AL A M=) N

— >) |T|‘ Zl —_—)

T4AAET T I 1T
OET OACAC
OOAAAA

T4AAET T 11
POl COAOC
AAOGAT T B¢

OEOI OCE
OET OACAC(
AT AT CAT I

M 1T £AO0AOOC

ET & OAT /
AAAEOGET I
Aadl CAT T (
[T AAI

PRIMES 2018

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

Pagel2



PRIMES 2018

Ty s
_EgAA ) - O gud00s U "000 Tt
AT 1T D1 AT Al ¥ R I Te 1.
w i 0 QiQ — . W —
AEl Oi i E C m L’?—OOO 0 T ?—OOO
I TAAT A&l C T iQi 1. Te 1.
X =366 B azi® W00 ¥ og? OO0 T
o _ o %00y i Dl Qip QU GOty 500
- 27508 P ¥ 5708
* uso
0w _ q 50" V] Tt
pMT i s OO®MOOONH 08 s 60001 WBOU _ ™
Ts 300§ v Tm U "0038
PP 77008~ "°° o 350 6 on
15 %05 P ™ 506
PS 75009 8 VU - I F0é n
po MO0 O6 OFp aéiy _ ™
PT N = 6loB U R QI QQ

PU WOH'Q J000Q 006U GR T
pe 6006061 QOO00&P Gé&i 6 00UI U T
pxX [ ®O  "O0DdH 'O0UQUL T

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
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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,
i T AAT O AO,
1174 ETAAO i
AT T Di AT 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 xEEAE AADPAT AO 1 1 orboflesA O

Figure 1: Overview of the sectors and slisectors included in PRIMES industry

The structure of processes and uses in the industrial sectoan 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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