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This paper presents the version 1.0 of the Green Electricity Simulate (GES).
which is a simulation model that has been designed to investigate
questions related to biomass-based electricity in the European countries
with a special focus on the biomass co-firing in coal plants. We extenc
previous works in essentially three directions. We provide the first simulatior
model for electricity taking info account co-firing with a wide range o
induced effects. Second, we analyze the impact of co-firing on decision:
about prolongation or decommissioning of out-of-lifetime coal plants
Finally, we investigate the consequences of recognizing co-firing as ¢
contribution to achieve the Renewable Energy Source (RES) objectives ir
power generation. As an illustration, we apply the model to the Frenct
power sector. Overall, the results indicate that the biomass demand frorr
co-firing is much greater than that from dedicated biomass units, and that
co-firing can heavily influence the composition of the fleet under certair
circumstances and policy arrangements. In addition, we show tha
increasing the carbon price generates a move fowards quality thai
induces consuming more high-quality biomass (e.g. wood pellets ol
torrefied pellets). We also identify that co-fring may encourage tc
prolonging coal plants that would be decommissioned otherwise. Finally
we find that recognizing the biomass part of co-firing as a renewable may
lead to maintaining a high share of coal in the power mix, which may be ¢
concern for social acceptability in the long run.
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1. Introduction

During the last decade, the European Union (EU)ddapted new energy and environmental
policies to reduce COemissions and promote renewable electricity. &t tlontext, biomass
has been increasingly acknowledged as a key ermwgyce to achieve the EU targets.
Notably, the ability of power producers to incredabe renewable energy sources (RES) in
power generation with no investments, through thérang of biomass in coal plants, gives
to biomass a strong interest. Given the high péagenof coal in European electricity, co-
firing provides great opportunities for increasittge share of renewable electricity and
reducing CQ emissions in the near-term, through reliable tethgies that are not subject to
problems of intermittency.

To date there is a range of electricity models tizate been developed to simulate the
impact of energy and environmental policizeelowever, very few have investigated the
question of the cost competitiveness of biomasslestricity productiod.Among the scarce
contributions, Santisirisomboogrt al. (2001) simulate the power generation expansion
planning in Thailand, over the period 1999-2015.eThuthors focus on the cost
competitiveness of dedicated biomass power plaiitsrespect to fossil-based power plants,
when introducing a carbon price. They identify ttia introduction of a carbon tax modifies
the capacity mix from coal-based to biomass-bassdep plants, and increases the number of
combined cycle gas plants. More recently, Rentizatlal. (2012) have provided a long-term
simulation model, which investigates the effect \drious carbon price scenarios on
investment decisions regarding the future eletyrigeneration mix of Greece up to 2050.
Several RES technologies are considered in the Imoaiiding dedicated biomass power
plants. One of the main results indicates that umadir high carbon prices may render some
of the RES (including biomass units) more costetife than conventional technologies,

whereas low carbon prices do not favor an increasedf RES.

! According with the Directive 2003/87/EC (estabimgh the EU ETS — European Union Emission trading
Scheme — and the related rules) and the Decisi0ii/289/EC (establishing guidelines for the monitgrand
reporting of greenhouse gas emissions), emissi@ms burning biomass are exempted from surrendering
corresponding allowances. This is equivalent tcera 2mission factor applied to biomass. See DEC@-SA
g2011) and Bertrandt al. (2013) for an overviews about actual £€nissions fom burning biomass.

Electricity models or electricity simulation mosdetefer to models that simulate power generatiodycain
investment decisions in the power sector. See Karamal Turton (2013) and Rentizeles al. (2012) for a
review of this literature.

% One may also mention here the contributions of @ahSmith (2006) and Skytét al. (2006). However, even
though these papers also analyze questions rétatgidmass-based electricity, they do not provideusations
of power generation or investment decisions ingiwer sector, as the electricity simulation modelgsewed in
this paper. Moreover, neither of these works camsidhe co-firing of biomass in coal plants.



While both Santisirisombooet al. (2001) and Rentizelastal. (2012) have integrated
biomass-based electricity in their simulationsthes of these works has considered co-firing.
Actually, very few papers analyze the economicateel to co-firing. Among them, Berggren
et al. (2008) estimate the technical potential for cofjrin Poland for 2010, minimizing the
cost to implement co-firing. This paper uses aicstaamework, in which a model simulates
the optimal allocation of different types of biorsafrom the Polish resources, toward
different types of coal plants from the existingkbased capacities in Poland. Moreover, the
authors derive the C{abatements from co-firing. Another contribution ttis topic comes
from Bertrand (2013), which provides a theoretit@mework that enables computing
biomass and C&breakeven points for co-firing, based on expressaf the marginal cost of
coal-based electricity with and without co-firing.

The aim of this paper is to present the versionof.the Green Electricity Simulate
(GES) model, which extends the mentioned literatumeelectricity simulation models by
taking into account the biomass co-firing in colnps with a wide range of effects that may
be induced by co-firing. In particular, it allowsaalyzing the competition between different
types of biomass with different qualities (and thdifferent impacts on the conversion
efficiency of coal plants under co-firing) to fedde electricity sector. It also provides a
framework to investigate the impact of co-firing decisions about decommissioning or
prolongation of out-of-lifetime coal plants. To thest of our knowledge no previous model
has provided a so comprehensive analysis of biotmassd electricity and co-firing.

GES is a cost-minimization model for production andestment decisions in the
power sector, which has been designed to analyeeetfect of co-firing, with various
economic variables, on the development of biomas®d electricity in the electricity mix of
European countries. It is a dynamic partial equulim model, which uses a bottom-up linear
programming approach, to optimize the dispatchenfegation capacities and investment in
new power plants. The model is implemented underGaneral Algebraic Modeling System
(GAMS), and it considers yearly time periods betw2810 and 2030. For each year in the
considered time interval, GES determines the p @aeeration mix and investment decisions,
S0 as to meet electricity demand at the least Easthermore, the model identifies which are
the out-of-lifetime power plants at the begnning each year, which ones are
decommissioned, and which one are refurbished aotbned. Hence, the GES model
provides an original and flexible tool to invest@ajuestions such as: What would be the
biomass demand from the power sector under diffepaite and policy contexts? How

significant may be the biomass demand from co-fraompared with that from dedicated

3



biomass power plants? What is the influence of ¢adon price? How decisions about
prolongation/decommissioning of out-of-lifetime tgdants may be impacted by co-firing?
Will co-firing lead to prolong coal plants that wdube decommissioned otherwise? What
would be the consequences for the electricity mooifiring is recognized as a contribution
to achieve the RES objectives in power generatiBi® We propose in this paper an
application to the French power sector.

The remainder of the paper is organized as folldwsection 2, we give a brief overview
of questions related to biomass-based electriGegtion 3 introduces the GES modeling and
methodology. Section 4 is devoted to descriptiorthef main data and parameters for this
application to the French power sector. In sechiowe present some results and discussions.

Section 6 concludes.

2. Technical options for biomass-based electricity

2.1 Combustion in dedicated biomass power plants

Dedicated biomass power plani®.(power plants that are especially designed for bgsh
have to be adapted to supply limitations. Accorlyintheir typical size is smaller than that of
coal plants (1-100 MW, which is about ten times lnahan coal plants), because local
feedstock are limited and transportation costshagh. The small size strongly increases
investment costs and lowers conversion efficienoynmared with co-firing in coal plants
(IEA, 2007b).

2.2 Biomass co-firingin coal-power stations

Co-firing is the simultaneous combustion of biomassl coal in a coal plant. It is the
cheapest option for using biomass in electricity wile variety of biomass can be used,
including herbaceous and woody materials, wet aryd adricultural residues and energy
crops. Currently, the typical conversion efficierfoy a dedicated biomass power plant is 25-
30% (Ecofys, 2010), while the average efficiency ¢oal plants is around 36% with new
state-of-the-art units reaching 45% (Wicks and Ke#05). Co-firing is expected to decrease
the efficiency of coal plants, due to potential mes of losses associated with biomasg.(
presence of non-preheated air in biomass, increasmdture content, etc). However, the
impact is modest for low percentages of biomassA{EENA, 2013) and conversion

efficiency remains higher compared with dedicatéahiass plants. Furthermore, much of



these difficulties can be overcome through differgme-treatments to improve biomass
guality, and increase the quantity of biomass tlaat be included in coal plants under co-
firing.

2.3 Pre-treatment of raw biomass

Most of the co-firing constraints originate fromefyroperties. Raw biomass usually has high
moisture content that reduces efficiency of coahfd. Various pre-treatments can be applied
to raw biomass to avoid these problems (Maciejewetkal, 2006). Basic pre-treatments
include drying, chipping and grinding. More advahgere-treatments are pelletisation and
torrefaction. Pelletisation is a process that d@ssfine biomass particles into compact and
low-moisture capsules by applying pressure and. Aeatrefaction is thermo-chemical pre-
treatment that consists of biomass heating in aesefioxygen. Temperatures between 200
and 300°C are needed, which produces a solid umifomoduct (torrefied biomass) with very
low moisture content and high energy density.

The cost of pre-treatment can significantly vargni one option to another, but it is
usually high‘.1 However, it can be compensated by better opdsatafi fuel (e.g. handling,
storage and transportation), reduced co-firing tramgs and higher efficiency of coal plants.
Recent studies point out that the cost of predtmeat can reach more than 50% for torrefied
wood pellets (KEMA, 2012; IEA-Bioenergy, 2012). Hever, when taking into account
benefits of pre-treatment on the whole supply chamto the point of combustion, torrefied
wood pellets may be more profitable than simple avpellets (IEA-Bioenergy, 2012).

3. The GES M odeling and M ethodology

3.1 Intra-annual time slice, load curve, and hourly power demand

In order to represent the electricity dispatch mtmarannual hourly time slices with unequal
power demand, the model associates different mairimetween seasons and load curve
segmentsd.g.base or peak load) with different fractions of #mmual electricity demand. In
addition, each association between a season apnddacurve segment representfcao-

4 See Maciejewskat al. (2006) for cost estimations of different pre-tneant options.

Uslu et al. (2008) evaluate torrefaction, pyrolysis and pidheton in terms of their energy and economic
performances on the whole biomass-to-energy sugmdin for power generation and biofuel produ ctiBesults
indicate that torrefaction is more advantageous tpelletisation, while pyrolysis has drawbacks émnts of
energy and economic efficiency when compared t@ropne-treatments. When torrefaction is combineth wi
pelletisation, this results in the optimal suppiygio fom an energy and economic perspective.



seasonal time slicavhich is associated with a fixed number of hoamd then a fraction of
the year. For example, the number of hours assaciaith the summer offpeak load-levels
is larger than that of the winter peaks, whereasatimter peaks account for a more significant
fraction of the annual electricity demand.

We consider four load levelddse intermediate mid- and extreme-peakand four
seasonsWwinter, summey spring-fall and mid-seaso)) which can be combined to generate
nine different horo-seasonal time slices, eachhmieg associated with a fraction of the year
and a fraction the annual electricity demand. e gpplication to the French power sector,

we use the values provided in Table 1.

Table 1: Intra-annual (horo-seasonal) time slices withoeisted numbers of hours and percentages of annual
electricity demand.

Definition of seasons and load levels

Season Associated Months Notation Load level Narati
Winter December, January, February S Extreme-Peak lo
Mid-season March, November S Mid-Peak I
Spring-Fall April, May, June, September, October S Intermediate I
Summer July, August S Base I3

Horo-seasonal time slices, Annual fractions anddeetages of annual power demand

Percentage ¢ Percentage ¢ Percentage ¢
Horo-seasonal ~ Number of ~ ~Mnu@  annual demand  annual demand ~ annual demand
time slice hours fraction (low demand  (medium demand  (high demand
(%) event) event) event)
oS 62 0.71 1.09 1.05 1.13
1,S 187 2.13 3.06 3.05 3.20
1,S 872 9.95 13.06 13.24 13.47
1S 1039 11.86 10.22 10.28 10.25
1,S 745 8.50 20.93 20.84 20.69
15S 719 8.21 13.16 13.30 13.16
1L,S 1870 21 35 8.61 8.65 8.57
15S 1778 20.30 17.49 17.31 17.30
.S 1448 16.53 12.39 12.28 12.22

As indicated in Table 1, we consider different mgpian of the annual power demand on the

horo-seasonal time slices. This allows represerdifigrent load curve and power demand



conditions. Then a probability is affected to each event, and the model computes expected

cost to meet demand that is (randomly) associated with each one of the events (er able 1).

3.2 Electricity generation technologes

GES considers different types of power technologies, defined on the basis of the conversion
technology €.g. steam turbine, combustion turbine, combined cycle, etc) and fueleigpe (
bituminous coal, oil, solid biomass, etc). The model uses data for installed capacities of the
different technologies in the EU countries from the World Electric Power Plants (WEPP) data
base by Platts (2009), which provides an inventory of electric power plants in the world with
information such as location, year of commissioning, siz€ etc.

All existing power technologies in the European &leity system are modeled at an
individual level. Moreover, they are groupiedo a number of homogenous groups, each one
reflecting a bundle of similar technologies (see appendix A2). This allows reducing the
amount of data to collect for other cost and technical pararr?eltreraddition to this, we
assume a range of fuels. Each fuel can be burn in one or several of the considered
technologies (see appendix A2).

Based on the fuel, cost and other technical parameters, we compute the generation
costs, for each technology, using the Levelized Lifetime Cost (LLC) methodology (IAEA,
2008; IEA, 2010; Larsson, 2012), which is the usual indicator to evaluate the economic
performance of a power system. Moreover, the basic methodology is adapted to estimate the
implications of co-firing, and to take the value of heat into account when considering
Combined Heat and Power (CHP). The LLC methodology allows converting all streams of
costs (investment, operation and maintenance, fuel, etc) into the same unit (Eurggv Wh
taking into account all the discounted expenses over the whole operating lifetimes. This offers
several advantages and flexibilities that enable, for example, determining how different

technologies may be more or less competitive depending on their lifetimes. Notably, this

® A detailed presentation of the methodology to derive the horo-seasonal time slices and the hourly power
demands is available in the onlirsppendix that can be found hereoad Curve and Hourly Power
Demand Appendix GES1.0

" Slight transformations have been applied to the WHRR base, in order to create homogenous categories that

fit the categories from others references we use in the model. The complete appendix about on how the data base
has been processed is available online in the fllowing IiRkocessing of the WEPP Data

Base Appendix GES1.0

® The completeappendix about cost and technical dataavailable online in the fllowing linkCost and
Technical Data Appendix GES1.8s a simplification, we use the same cost parametedsload factors for

new and existing power plants. By contrast, we consider higher eficiency rates for new investments compared
with existing power plants.



https://sites.google.com/site/greenelectricitysimulate/ges-1-0/documentation
https://sites.google.com/site/greenelectricitysimulate/ges-1-0/documentation
https://sites.google.com/site/greenelectricitysimulate/ges-1-0/documentation
https://sites.google.com/site/greenelectricitysimulate/ges-1-0/documentation
https://sites.google.com/site/greenelectricitysimulate/ges-1-0/documentation
https://sites.google.com/site/greenelectricitysimulate/ges-1-0/documentation

allows fair comparison with other units for power plants that are commissioned in years that
are closed to the boundary of the considered time interval.

The model also accounts for the energy storage process from the pumped
hydroelectricity. With this formulation, pumped hydroelectricity can be viewed as a flexible
(dispatchable) technology that can store and discharge power. This allows the representation
of pumped water to store electricity during one time-slice (usually at off-peak hours) and
release it in another (usually at peak hotrrs).

Regarding investment decisions, the model considers for each technology an upper
limit equal to 1000 MW per year. We follow here the same strategy as Rengrelas
(2012), because it better reflects real practices and avoids the unnatural cases that would allow
using only one power technology in one year thanks to huge investments. Furthermore, as a
simplification, we set this upper limit equal to zero for CHP, which is equivalent to
disallowing investments in these units. The aim here is to avoid unrealistic massive
investments in CHP, neglecting those constraints on availability of heat networks to connect
these units. For other reasons, we disallow investment in technologies relying on nuclear,
waste, and hydroelectricity. In the case of nuclear, this reflects the political pressure that
makes the construction of new reactor unlikely by 2030. Regarding waste, the constraint
reflects interactions with incineration legislations that may limit the development of such
combustion installations, which rely on fuels that are contaminated with paint, rubbles and
chemicals. Finally, we disallow investments in hydroelectricity (conventional and pumped)

because almost all the European potential is known to be exhdlsted.

3.3 Biomassresources and co-firing modeling

3.3.1 Biomassqudity and co-firing parameters

° This is detailed in the mathematical appendix, whishavailable online in the following linkGES
Mathematical Appendix Appendix GES1.0

*“ Modeling of investment in hydro pumped and storage would necessitate taking into the efiect of distance
between reservoirs. Moreover, distance between reservoirs may complicate connection to the grid. Accordingly,
a more sophisticated modeling approach would be required for investment decisions in this case. In practice,
suitable sitesi(e. sites with adequate difference in elevation and which are close enough so that reservoirs can be
linked by a penstock) are scarce in Europe, and opportunities are highly dependent on the distance between sites.
Recent studies show that the Hukoreticalpotential for pumped hydropower energy storage (expressed as the
yearly power generation that may arise fom new or unconnected reservoirs) is 6Q.ToWlall the EU

countries together, when a distance of 20 kilometers between sites is considered (European Commission, 2013).
This potential is drastically reduced for lower distances: 7 JMWhbr 5 kilometers, and 0.3 TWk, for 1

kilometer, mostly in Italy. When environmental and social constraints are considered, the corresponding
realizablepotential in the EU drops to 33 T\WR (20 kilometers), 4 TWi..(5 kilometers), and 0.15 TWj (1

kilometer).
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Including biomass in coal plants may reduce theieffcy rate of stations. The efficiency
losses depend on the biomass quality so as (patethehigh-quality biomass induces weaker
reductions in the efficiency rate. In order to asdofor this, we use a coefficient measuring
losses in the efficiency rate of coal plants undeifiring. Then, the higher the losses
coefficient (the lower the biomass quality), thghar the loss in conversion efficiency. This
tends to reduce the quantity of biomass to bereokfiand it increases the cost of co-firing.
We also include in our analysis an incorporatid® that corresponds to the percentage of
biomass (on energy basis) in the biomass-coal Htancb-firing. The different solid biomass
resources we consider are described in Table 2y thié associated losses coefficients and

incorporation rates reflecting the quality of e&gbe of biomass (Bertrand, 2013).

Table 2: Solid biomass resources and co-firing parameters.

gncorporation rate

Solid Biomass Fuel Quality Losses coefficien (energy basis)
Torrefied Pellets of biomass (T OP) High quality + 0 50%
Wood Pellets (WP) High quality - 0.01 20%
Wood Chips (WC) Low quality + 0.03 10%
Agriculture Residues (AR) Low quality - 0.05 5%

In Table 2, the value for the incorporation ratesgles coefficientsespectively increases
(decreasesrespectively when the biomass quality increases. Hence, usiogass with
higher quality generates weaker efficiency losses @lows burning greater quantities of
biomass in coal plants. This is illustrated in &gt3.3.2, which proposes a summary of the

co-firing modeling in the GES mod#.

3.3.2 Marginal cost of coal plantsunder co-firing configuration
In case of co-firing with biomask, the efficiency rate of a coal plaatis reduced (which
depends on the biomass quality), and we expressnig) the following equation:

cf _ _ nocf

Nep = Ne ~ —Ppincy, (1)

where subscripb denotes the type of biomass, and indestands for co-firing.p, is the
losses coefficient measuring possible decreastseirfficiency rate of coal plants under co-

1 Co-firing is feasible with incorporation rates ween 5 and 50%, depending on the biomass quaki- (I
IRENA, 2013).
12 The full mathematical exposition of the model ¥sitable in the online mathematical appendix.



firing with biomassh, andinc,, represents the incorporation rate associated bwiimassb.

Finally, n*°“/ is the efficiency rate (MWigM Whyi) of coal plants without co-firing.

Following Ecofys (2010), we assume a linear refetiop between the efficiency
losses and the incorporation rate. Hence, we ggtiehiefficiency losses for higher losses
coefficients, and, for a given losses coefficiemtigher efficiency losses when the
incorporation rate increases. As an illustratiat,us assume a co-firing situation with the
following values:n°% = 0.38, p,, = 0.05, andinc, = 0.05 (which corresponds to AR in
Table 4). In this case we g@f,’; = 0.3775, which corresponds to a loss in conversion
efficiency of 0.66%. As a comparison, Baxter (20@%dicates that the efficiency losses
associated with co-firing may represent a 0-10% losonversion efficiency.

Using equation(l) we can express the marginal cost of one MWh ofired-

electricity as follows:

McE = qff C.+qS) B+ elfCO2, )

where B), is the price of biomas$ (EurosMWh,in) and C. is the price of coalc
(Euros/MWhyi,). CO2 is the carbon price (Euros/t(gpqcc”; (qf’{, respectively denotes the
qguantity of biomas$ (quantity of coalc, respectively entering in the biomass-coal blend,
hﬁf;,, which allows generating one MWh of co-fired ef@ity in coal plants of type with

biomassb (ie. kY, = q¢% + q%%, withh’, = 1/7%).

Oncehi’; andinc, are known, one can compute the quantities of anédl biomass

needed to generate one MWh of co-fired electricity foIIows:qCC;,: incy xhifb and

sl = (1 —inc,) x b, Finally, e} = e, x g% is the emission factor of coal plants
under co-firing with biomasb (tCO,/MWhe,(). It is computed giver,, the primary energy
emission factor of coal (tCO,MWh,,i,). Note that in equation @f‘f, emissions arise from

the coal fraction of energy input only. This refle¢che zero emission rate applied to biomass
in the EU ETS.

3.4 State of thefleet at the beginning of each year

Each generation capacity in the WEPP data bassecated to a vintage, which corresponds
to the year of commissioning. Thus, comparing tintage with the theoretical lifetime, one

can deduce if each unit has been prolonged or Tbis is important because different
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treatments in cost calculation must apply to poplants, depending on if they have been
prolonged or not. Moreover, comparing the theogttifetime of power plants with their age
allows determining which are the in- and the outifefime power plants in each yearOn
this basis, GES implements a calculation that alogentifying which ones of the out-of-

lifetime units must be decommissioned, and whiobsamust be prolonged.

3.4.1 Identifying theunitswith prolonged lifetimes

As financial provisions for decommissioning mustyoapply during the theoretical lifetime,
before any refurbishment intervenes (IEA, 2010)anauity for decommissioning has to be
paid when running a unit with a prolonged lifetinhe.order to distinguish between the units
that have been prolonged or not, we apply someilealons and transformations to the data.
This has been done by comparing the age of the itn2010 (the base year in GES) with the
lifetimes of the units that have not been prolon@édtime) and the ones of the units that

have been prolongetifetimepro). Table 3 gives an overview of this identificatjprocess.

Table 3. Vintages of existing power plants in the GES ntode

Type of unit Notation Identification Vintage in GES
Prolonged zero-time units C{ip, Age in 2010x lifetime WEPP Yedt
- Age in 2010> lifetime
. . old WEPP Year
Prolonged one-time units Cty5, . and + lifetime
- Age in 2010 -ifetime< lifetimeprol
— Age in 2010> lifetime
and WEPP Year
Prolonged two-times units ngf,,_pz - Age in 2010 -ifetime> lifetimeprol + lifetime
and + lifetimeprol
— Age in 2010 Hifetime< 2Xifetimeprol
- Age in 2010> lifetime
and WEPP Year
Prolongedn-times units C;"ffv,pn — Age in 2010 ifetime> (n-1)xlifetimeprol  + lifetime
and + (n-1)xlifetimeprol

— Age in 2010 ifetime < nxlifetimeprol

% WEPP Year = year of commissioning in the WEPR: thaise.

3.4.2 ldentifying the out-of-lifetime units

Before turning to the optimization problem, the moidentifies which are the out-of-lifetime
power plants at the beginning of each ytiearsing the following rule (see appendix A3 for
notations):
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v{t,u,v},Vp € P \ {py, ..., 0y} Withn >0,

Céfﬁfi;‘,l,f“’e, if t—uv<lifetime,
d
Comup = , 3)

old,dead ; ; ;
Cowpp - if t—v>lifetime,

V{t,u,v}, vp EP \ pO’

Cgff,l{fplwe, if t—v<lifetimeprol,
Ctoﬂlgvrp = . (4)
cobiead if t—v > lifetimeprol,

3.4.3 Decisionsto prolong or decommission the out-of-ifetimeunits

Once the out-of-lifetime power plants have beenntified, the model implements a
calculation that allows decidingif it is a profila option to refurbish and prolong those units,
or if it is cheaper to decommissioning it and cdesing investments in new unitdin case of
coal, this calculation can be implemented taking mccount co-firing or not. When co-firing
is taken into account, we have the following rule:

Vp € P\{py, -, Py}, Vit v}, with lifetime, < t— v < lifetime,+ 1, Vu € UNC and
Vf € FNCwithUNCNFNC # @,

or,

Vp € P\ py, Vit,v}, with lifetimeprol, < t— v <lifetimeprol,+ 1, Vu € UNC and
Vf e FNCwithUNCNFNC + @,

old,dead _
(C““’p ueUNC .
Co vy » if X LLCOEPROL /(T— t+1) < X} LLCOENL, /(T— t+1)

)
Coabdeecom if 3T, LLCOEPROL /(T —t+1) < X7, LLCOENI AT —t+1)

wherevgp = t, Vt+ s with s > 0 (i.e. when considering the prolongation decisions of
periodt, the associatedgptakes the value of the currerfor all the remaining time periods).

In addition,

13The actual decisions to invest or not in new poplants do not result ffom this calculation. Thislyo

provides information about what is the need to $hwe new power plants, given the number of odifefime
units that have prolonged or decommissiormeris paribus On this basis, the actual investment decisions
come from solving the optimization problem.
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Vp € P\{py, -, 0y}, Vit v}, with lifetime, < t— v < lifetime,+1 and,vVu € UC ,
Vf € FC andv{m,b} withUC n FC # @, UC n MF N BAQ # @, andm = f,

or,

Vp € P\py, Vit,v}, with lifetimeprol,<t—v <lifetimeprol,+1, Yue UC ,
Vf € FC andv{m,b} withUC n FC # @, UC n MF N BAQ # @, andm = f,

old,dead _
(Ct'u'”'p uUEUC
X_ LLCOEPROLS?Y /(T —t + 1) < X7, LLCOENLS*! /(T -t + 1)
gp .
Cuv,pvgp » ; to o or , tocf
¥} LLCOEPROL%" /(T —t+1) < X]_ LLCOENL % /(T — t +1)

. (6)

T_LLCOEPROLS" /(T — t +1) 2 £_ LLCOENLS* /(T -t + 1)
old,decom .
Crump , if or

\ »7_(LLCOEPROL /(T —t+1) > ¥1_,LLCOENI>Y /(T -t + 1)

Jj.umb J,u,mb

wherevgp = t, Vt + s with s > 0.

When co-firing is not taken into account, the fioleno coal units (equatiofd) above) apply

for both coal and no coal units.

3.5 Optimization problem

The optimization problem is formed as a dynamiedmprogramming model, in which a
series of yearly decisions is computed for eletyridispatch and investment. The need to
extend the generation mix is created by the in@ngaslectricity demand and the
decommissioning of some of the out-of-lifetime snif he objective function is a sum of
annual costs for electricity generation and investin The model considers a range of
constraints to reflect technical requirements, uesgs availability, interconnections, co-firing
conditions, market-clearing, etc. Figure 1 proviges overview of the GES optimization

problem (the full mathematical formulation is aabile in the online mathematical appendix).

% A more detailed presentation is available in thitne mathematical appendix. One can also findithe OE
expressions in this documentation.
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4. Application to French power sector

4.1 Data

4.1.1 Installed power capacity

The French power sector is largely dominated byeaicwhich represents more than 50% of
installed capacity. Fossil (oil, gas and coal) ahgdroelectricity account each for
approximately 20% of generation equipments, wisifeewvables (wind, solar, geothermal, and
biomass) and waste amount to about 6%. The WERPldate (Platts, 2009) provides values
for generation equipments at the end of 2009. Wethese values as proxy of the French

generation capacity at the beginning of 2010, deelyear in GES (Figures 2 and 3).

Thermal RES + WST
1%

WIND  SUN [l aeo
435 FI¥ P ey

LIG
1%

BIT
6%

GAS
5%

Figure 2: Power generation equipments in the base year.2010

BL
4% BIO

Figure 3: Distribution of the technologies in the thermal Ré&acities (base year 2010).
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Regarding the transmission capacities for eletyritiades at interconnections, we use the
2010 NTC (Net Transmission Capacities) data fromRTE websité> We take the sum of
all the NTC between France and countries at thddsod3 216 MW for import and 10 109
MW for export. As a simplification, we assume a %b0ncrease of the transmission
capacities by 2050 (Kannan and Turton, 2013), wiiehslates into an Average Annual
Growth Rate (AAGR) of 2.3% per year. As a consegagimport (export) capacities would
increase to 20 896 (15 984) MW in 2030.

4.1.2 Projectionsfor power demand, fuel and carbon price trends

In order to distinguish between different futur@lewions of markets and prices, we use the
scenarios from the World Energy Outlook (IEA, 2Q1Qurrent Policy Scenario (CPS), New
Policy Scenario (NPS), 450 Scenario (450). We uUs= AAGRs reflecting these three
scenarios to compute projections of electricity dedhin France over the period 2010-2030.
We also compute price trends for EUAs (Europ earobl@illowances, the carbon certificates
from the EU ETS), which are indexed on the abovetioeed scenarios over the same
period. Regarding solid biomass fuels, the prieads are indexed on price projections for
solid biomass (Brenner, 2012) and resource mohidimacost (ECF et al, 2010),
simultaneously with the oil price evolution fromAK2012). This allows deriving values
associated with each of the IEA (2012) scenaridschvalso reflect the expected evolutions
in the biomass indust?s(?.ln all cases, price series reflect (local) Europessources. Table 4
gives a summary of the fuel and EUA price projetiassociated with the CPS and 450

scenarios.

5 RTE is the French electricity transmission systgyarator:http:/www.rte-france.com/

1% The complete price data and indexation methodolsgietailed in the online appendix about indexgdep
trends for fuels, which is available in the followi link: Indexed Price Trends Appendix GES1A3% explained
above, the price trends have been computed thrdifighent indexations applied to difierent valuésthis way,
we can derive different price trends by modifyirfte tweights we use in the calculatiane(the weights
attributed to ail price, cost of resource mobiliaat and price projections for solid biomass). Baky, we
consider two indexations reflecting conservatiesv(indexation on decreasing costs for resourcesilination)
or optimistic (high indexation on decreasing cofis resources mobilization) expectations about phiee
evolution of solid biomass. One may think that tpimistic would arise with higher probability thahe
conservative hypothesis, due to technological gpsxyand move towards more structured industry. rAoogly,
in order to conserve space, we only report the bsmprice form the optimistic hypothesis in thipgraand the
associated results. All the biomass price projestiassociated with all the hypothesis can be fonrte online
appendix.
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Table 4: Fuel and EUA price projections (CPS and 450 socesgriThe prices are expressed in Euros per
MWh, ., or fuels and in Euros per tonne for £O

CPS Scenario

201( 201¢ 202( 202¢ 203(
OlL 42.4F 51.1¢ 61.5€ 74.0¢ 89.1¢
GAS 21.8¢ 26.8( 32.71 40.0¢ 48.9¢
BIT 10.7¢ 12.0¢ 13.47 15.0¢ 16.8¢
LIG 5.87 6.5¢ 7.4C 8.31 9.3¢
ou 1.64 1.6¢ 1.72 1.7¢€ 1.81
BL 49.7¢ 53.5¢ 57.67 62.0¢ 66.8¢
BIG 40.0( 45.3: 51.3¢ 58.2¢ 65.9¢
MGW 4.5¢ 5.5z 6.64 8.0C 9.62
AR 14.5( 14.1¢ 13.7¢ 13.4¢ 13.1(
WC 18.0¢ 17.67 17.3¢ 17.0¢ 16.7:
WF 27.0( 28.31 29.81 31.3¢ 32.9:
TOF 30.8¢ 34.2¢ 37.9¢ 42.1¢ 46.7¢
EUA 15.0( 17.51 20.4¢ 23.87 27.81

450 Scenario

201( 201¢ 202( 202¢ 203(
OlL 43.17 48.0¢ 53.4¢ 59.4: 66.0¢
GAS 22.2¢ 25.21 28.5¢ 32.3¢ 36.61
BIT 11.0¢ 10.9¢ 10.8¢ 10.8( 10.7¢
LIG 5.87 6.21 6.5¢ 6.9€ 7.37
ou 1.64 1.6¢ 1.72 1.7€ 1.81
BL 49.7% 55.9: 62.9( 70.7¢ 79.5¢
BIG 40.0( 45.11 50.87 57.3i 64.7(
MGW 4.5¢ 5.1( 5.6¢ 6.31 7.0z
AR 14.5( 14.1: 13.77 13.4: 13.07
WC 18.0( 17.6¢ 17.3¢ 17.0( 16.6¢
WF 27.0C 27.7: 28.4¢ 29.2( 29.9¢
TOF 30.8¢ 32.6¢ 34.6¢ 36.7¢ 38.9¢
EUA 15.0( 21.7¢ 31.5] 45.67 66.1¢

Finally, we apply the following emission factorsC@,MWh,;,) to compute the CO
emissions associated with burning non-carbon-netueds (IPCC, 2006): 0.357 for LIG,
0.339 for BIT, 0.268 for OIL and 0.204 for GAS.
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4.1.3 Biomass availability

We use several references in order to get dateesource availability and projections for
different solid biomass fuels in France. The AR &@ resources correspond to quantities
reported in Panoutsoet al. (2009) for the year 2010. In case of TOP and WP ,available
guantities have been computed using the producapmcity listed in DGEC (2011) for the
year 2010. Then, in order to get projections familability of different resources over the
considered period, we apply to the 2010 base vahes\AGRs for biomass availability in
European agriculture and forest, as reported inoaouet al. (2009). A summary of
computed projections for France is given in Table 5

Table5: Biomass and waste availability in France (G\hper year).

201C 202( 203(
AR 126 418 139 644 154 254
WC 83 895 92 672 102 368
WP 6 569 8 165 9 019
TOF 367 1318 4738
BIG 2 419 3008 3595
BL® 6 933 9 295 12 461
MGW 136 676 150 975 166 770

% Based on the IEA (2006) Reference scenario.

We also include available quantities for other sofid biomass fuels (BIG and BL) and

waste (MGW). The values come from Panoutsoal.ef2009) for BIG and MGW, and from
IEA (2006) and IEA (2007a) for BL’

4.2 Calibration and validation

The validation process was conducted through brasibn of the dispatch module. We have
iteratively adapted the load-factor of each techggl(on the basis of values reported in the
literature) so as to best replicate the French pogeaeration mix in 2010 (RTE, 2011).

Results appear in Figures 4 and 5.

17 More details about data, calculation and refererace given in the online appendix about biomadsvaaste
availability, which is available in the followingnk: Biomass and Waste Availability Appendix GES1r)
addition, this document provides similar valueseating biomass and waste availability in the whBlgope
(with further references for the data), as the esleported for France in the paper.
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Figure 4: The 2010 French power generation mix (RTE, 2011).
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Figure 5: 2010 French power generation mix as computeth®y3ES model.
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Figures 4 and 5 indicate that the model tends tergstimate production from oil and coal
(the computed 2010 coal consumption is 45 yttomparing with the 50 TWh, of coal

reported by Eurostat for the 2010 French powerrgeima), whereas contributions of nuclear
and hydroelectricity are somewhat overestimatedeNbeless, the differences are slight, and

overall, the model pretty well replicates the 20aba.

5. Results

A range of analyses have been undertaken for thsem in order to illustrate the
methodology and investigate the consequences afdse-based electricity in different model
settings. Basically, we consider two types of madttings for the simulations, depending on
if co-firing and prolongation of out-of-lifetime mlear power plants are allowed or AdT his
translates into four cases to investig?l®P with cf (when the out-of-lifetime nuclear units
can be prolonged and co-firing is allowelNPP with nocf (when the out-of-lifetime nuclear
units can be prolonged and co-firing is not allojyed@NP Pwith cf (when the out-of-lifetime
nuclear units cannot be prolonged and co-firingliswed),noNPPwith nocf (when the out-
of-lifetime nuclear units cannot be prolonged an€idng is not allowed). Furthermore, we
run these four cases with different scenarios ctflg the IEA (2012) projections, the
implications of high carbon price, and the conseges of accounting for the biomass part of
co-firing as a contribution for achieving the REJextive in power generation.

5.1 Basescenarios

The base scenarios correspond to the three scerdri@cA (2012), as described in section
4.1.2. We do not include any constraint about theres of RES in these base cases. This is
examined in section 5.2.3. In order to alleviate plnesentation, we only discuss results from
the CPS and 450 scenarios. Moreover, when resegttendl on random events (Table 1), we

only report expected values.

8 In the last few years, political debates haveeasingly developed in France about the energyitransand
the share of nuclear in the electricity mix. Acéogdto the current project of law, the power prddut from
nuclear should be reduced by 25% in 2025. Sucmgeraent would strongly impact the development béot
thermal power technologies, in a country where al¥&% of power generation rely on nuclear. In ortier
account for these effects in our simulations, we the model with allowing or not the prolongatiditive out-
of-lifetime nuclear units. This allows investigajitnow this may impact the share of coal and caxdrin the
electricity mix.
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5.1.1 Production and generation capacity mix

Unsurprisingly, nuclear dominates power generaimoall cases (Figure 6). The contribution
of other technologies strongly depends on thetgbilb prolong or not the out-of-lifetime
nuclear units. For example, in the CPS scenarith wocf and noN PP settings, the 2030
production of coal and gas units amounts to 192%hd Wh, respectively, whereas the
same values are 77 and 48.1 witbcf and NPP (the percentage of power production related
to these values are summarized in Table 6). In48® scenario with theocf the 2030
production of coal and gas units in tim®NPP amounts to 80.7 and 128.8 TW¢h
respectively, compared with 24.1 and 40 in NP setting.

Table6: Percentage of coal and gas in the total power ggoerof 2030.

CPS scenar 450 scenari
nocf- noNPP nocf-NPP nocf- noNPP nocf-NPP
Coal 31.6% 11.5% 15.2% 4%
Gas 16% 7.1% 24.2% 6.6%

Indeed, when the prolongation of nuclear is naivedld, the number of active nuclear units
decreases as time passes (Figure 7). This creats=sdao invest in new capacities in order to
maintain the size of the fleet. As we consider astmint that disallows investment in
nuclear, this results into more investments in otkehnologies that mainly rely on gas and
coal (Figures 7 and §)9.For example, the 2030 cumulated investments inp¢@sts withcf
andnoNPPsettings amount to 37.2 GW (37.6niach, for both the CPS and 450 scenarios. In
theNPP setting, the same values are 16.6 and 8.3 GWarCH#S and 450 scenarios (for both
cf ornoci, respectively. In the same way, the 2030 cumdlateestment in coal plants in the
CPS scenario withf is 18.1 GW (17.8 imocf in noNPR and 7.97 GW (7.96 inocl) in NPP

setting.20 Additionally, these results indicate that co-fiyihas a very limited influence on

19 Whereas the model considers situations in whiehatit-oflifetime nuclear power plants can be pmoled,
investment is never allowed. This reflects politiggessure in France, where construction of neweanaeactor

is very unlikely by 2030, while prolongation of olehits is more discussed.

20 Results indicate that there are very few investmancoal plants in the 450 scenario: 3.3 GWHi2.9 GW

in nocf) with noNPR and 1 GW in botlef or nocf with NPP. Moreover, in this case, investments in coal [@ant
only rely on STBITs, whereas all the coal planhtedogies are involved in the CPS scenario. Siruté the
prices of BIT and LIG are lower in the 450 scenatian in the CPS, this decrease in new coal cépmadd
obviously explained by the carbon price, whichighler in the 450 compared with the CPS. This istllated in
Figure 11 of section 5.2.1, which shows that inwesits in coal plants are strongly reduced (andlyina
disappear), when increasing the carbon price coedpaith its value in the CPS scenario.
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investments in coal plants in these base cases Hie above mentioned values show a very
slight difference when moving formocf to cf setting. Co-firing also produces small effects
on the production of coal plants. For example, mgvirom nocf to cf increases the 2030
production of coal plants from 192 (31.6% of praewt) to 192.7 TWhe. (31.7% of
production), when considering the CPS scenario wibiNPR and from 80.7 (15.2% of
production) to 83.7 TWh (15.7% of production), when considering the 45énscio with
noNPPR Co-firing can more significantly impact the pratlan and investment decisions for
coal plants, when considering a high carbon preectjon 5.2.1). Moreover, when a
constraint about the share of RES is introducedijricay can greatly impact the generation
mix, depending on if the share of biomass fromido{g is accounted for as RES or not
(section 5.2.2).

Regarding RES (others than hydroelectricity), fessshow very slight contributions to
power generation in the base scenarios, whatewesétiings ¢f or nocf NPP or noNPB.
Indeed, without constraint about the share of RE®awer generation, the renewables remain
less competitive than conventional technologies.the same reason, no investment is made
in RES in the base scenarios, except in the 450 matNPPsetting (Figure 8). In this case,
results show some investments in wind. However, vddaes remain very small compared
with conventional technologies: the 2030 cumulate@stment in wind is 1 GW inocf and
0.97 GW incf setting. By contrast, when considering a high carprice or a constraint on
the share of RES, results indicate that numerousstments in RES are undertaken (section
5.2).
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Evolution of Power Generation - CPScf - NPP

Evolution of Power Generation - CPSnocf - NPP
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Figure 6: Evolution of the power generation mix for basensgios in different model settingsPScf — NPP
refers to the CPS scenario with co-firing and prglation of out-oflifetime nuclear units allowed50nocf —
noNPP refers to the 450 scenario with co-firing and prglation of out-of-lifetime nuclear units not alledy

etc.
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Evolution of Installed Capacities - CPScf - NPP

Evolution of Installed Capacities - CPSnocf - NPP
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Figure 7: Evolution of the generation capacity mix for basenarios in diferent model settings.
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Figure 8: Evolution of cumulated new investments and prgkh(.e. thegp units, as computed by the model)
capacities. Values for 2015, 2020, 2025, and 208®e base scenarios with diferent model settings

5.1.2 Biomass consumption

Results indicate that, when co-firing is allowet,can generate almost all the biomass

consumption. Furthermore, the ability to prolonghot the out-of-lifetime nuclear units has

also a very significant influence on biomass corsuom, since it largely determines the

guantity of electricity generated from coal plariience, this is the combination of these two
model settingsof or nocf NPP or noNPB that determines the magnitude of the biomass

demand. This can be summarized as in Table 7.

Table 7: Typical biomass consumption pattern associatéld different combinations of the model settingseTh
“—" and the “++" stand for the lowest and the highest consumptiespectively. The “+’ and the “+" are
intermediate consumptions with > —+.

NPP

noNPF

nacf —+

cf ++
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An overview of biomass consumption results in theebscenarios is depicted in Table 8 (see

also Figures 16 and 17 in appendix A1.1).

Table 8: Biomass consumption for the base scenarios inreliffemodel settings (TWh, per year). Values in
brackets denote the percentages of demands fofringpand dedicated biomass power plants in tha to
biomass consumption.

201C 202( 203(
CPS-nocf- NPF
Biomass Al 1.14 1.18 1.29
Biomass Dedicatt 1.14 (100% 1.1€ (100% 1.2¢ (100%

Biomass C-firing

CPS-cf- NPP
Biomass Al 1.17 3.0C 13.00
Biomass Dedicatt 1.14 (97% 1.18 (39%) 1.2¢ (10%)
Biomass C-firing 0.03 (3% 1.82 (6296) 11.73(90%)
CPS- nocf- noNPF
Biomass Al 1.14 1.13 1.51
Biomass Deicatec 1.14 (100% 1.12 (100% 1.51 (100%
Biomass C-firing - - -
CPS-cf- noNPF
Biomass Al 1.17 3.74 32.23
Biomass Dedicatt 1.14 (97% 1.13 (30%) 1.51 (5%)
Biomass C-firing 0.03 (3% 2.61(70%) 30.72 (95%)
450- nocf- NPP
Biomass Al 1.1C 1.18 1.2¢

Biomass Dedicatt
Biomass C-firing

1.1C (100%

1.18 (100%

1.2¢ (100%

450- cf— NPP
Biomass Al 1.17 5.48 9.9¢
Biomass Dedicatt 1.14 (97% 1.18 (22%) 1.29 (13%)
Biomass C-firing 0.03 (3% 4.320 (78%) 8.67 (87%)
450- nocf- noNPF
Biomass Al 1.14 1.13 1.6(
Biomass Dedicatt 1.14 (100% 1.1% (100% 1.6C (100%
Biomass C-firing - - -
450- cf- noNPF
Biomass Al 1.17 6.32 24.47
Biomass Dedicat¢ 1.14 (97% 1.13 (18%) 1.60 (%)
Biomass C-firing 0.03 (3% 5.19 (82%) 22.87 (94%)
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The values provided above confirm that co-firingnegates much higher biomass demand
compared with dedicated biomass units, areteris paribus a higher demand occurs in
noNPP. Moreover, we observe that the biomass consumpéiots to be more significant in
the CPS scenario than in the 450. This is explaiye@ higher co-firing in the CPS scenario
due to overall more favorable price conditions,pdiesthe lower carbon price. In this case,
differences in the prices of coal and biomass captpwith the 450 scenario, combined with
the higher electricity demand in the CPS scenan@y explain these differences in co-firing
and then in biomass consumption. Prices of coahdateer in the CPS scenario, while the
main biomass fuels (AR and WC) have pretty sinpleces in the two scenarios (Table 4).
Hence, when turning to co-firing in the CPS scemaubstituting biomass for coal generates
a greater benefit compared with the 450 scenar@aus® this entails a more significant
avoided cost for coal consumption with a similabrbass cost. This makes co-firing
profitable with lower levels of carbon prices insttcase (Bertrand, 2013). As, in the same
time, the electricity demand is higher in the CR8nario, technologies other than nuclear
need to produce more in order to meet demand @igurAccordingly, coal plants are more
solicited in the CPS scenario, with more co-firangl higher biomass consumption.

5.1.3 Co-firingreaults

Figure 9 shows detailed results on power generdt@mm coal plants in classicailé. when
coal is the only input) and co-firingi.é. when coal and biomass are involved)
configurations®* It mainly resorts from this that, for a given sagn, different coal
technologies do not necessarily use the same cwafign (classical or co-firing), and, in
case of co-firing, they may use different biomasals§ depending on prices conditions. We
observe that, in the 450 scenario, all the 2020 grogeneration from coal plants is made
under co-firing, whereas it is splitted betweenfidag and classical in the CPS. This is
mainly explained by reduction in threew coal capacities in the 450 scenario (that are used
under classical configuration in the CPS), dueetodr investments in coal plants in this case
(Figure 8). This is also explained by a modificatia the 2020 configuration of STLIG units,
which turns from classical to co-firing when movilngm CPS to 450. First, it is obvious that
this change in the STLIG configuration is relatenl the carbon price increase when
considering the 450 scenario rather than the CBi$h&rmore, it is interesting to mention that

the two main coal technologies, STBIT and STLIG,mdb run the same configuration in the

21 As thenoNPP setting gives more pronounced co-firing results, facus on it in this section, so as to better
illustrate the results from GES.
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2020 power generation of the CPS scenario, wheeeSIrBITs are used under co-firing
(Figure 10). The underlying driver of this resudtthe price difference between the two coal
fuels, BIT (hard-coal) and LIG (lignite), which @emines why, in this case, co-firing is
profitable with BIT whereas it is not with LIG. Tlmegher price of BIT, compared with LIG,
makes co-firing with BIT more profitableeteris paribus because it entails a greater cost
saving from coal consumption when substituting l@esfor BIT. In case of LIG, the avoided
cost for coal consumption plus the carbon costnggyiom co-firing (which is more
significant with LIG due to a higher emission fagtare not high enough to compensate the
additional cost associated with burning biomasSTilGs?* This is why it is more profitable
to run the STLIGs under classical configurationhis case, whereas the STBITs are cheaper
under co-firing. This is illustrated in the uppearp of Figure 18 (appendix Al.1), which
shows the LLCOEs of new investments in STBITs antllSs under co-firing or classical
configuration in the CP S scenario. Values of th2®DLCOEs are sometimes lower with co-
firing than under classical configuration for STBITwith AR and WC), whereas it is never
the case with STLIGs.

We already saw that moving from the CPS to thest#harios in 2020, generates co-
firing with AR in the STLIGs because of the carlpmice increasé’ Similarly, Figures 9 and
10 indicate that, in the CPS scenario, the STLIf&@suaed under co-firing with AR in 2030
whereas they were in classical configuration in@0Rhe rise in the carbon price between
2020 and 2030 (+36%) is the main driver of thisngg that may also be triggered by the
increase of LIG price (+26%) and the decrease of p;ARe (-5%). The influence of the
carbon price on co-firing also takes place in dens about the quality of biomass to be co-
fired. Figure 10 provides a detailed overview ajrbass consumptions from varying quality
for different coal plant technologies in 2030. hesingly, it shows that increasing the carbon
price induces a move towards biomass with highelityu First, we see that AR is used for
co-firing in 2030 with the CPS scenario, whereais ihot in the 450, where WC is preferred
(e.g.WC is co-fired in STLIGs in the 450 scenario, wda AR is co-fired in the same units
in the CPS). This change cannot be explained Wgrdiice in the relative price of biomass
fuels with different quality, because both AR andCWave very similar prices in the two

22 The same result applies here for STBITLIGs asS®BLIGs, because, in this case, both technologesised
with LIG. The STBITLIGs can use either BIT or LIGemending on the price conditions. In this case, cthed

cost saving from LIG is more significant than thdgliional carbon cost when burning LIG rather tha .
Hence, LIG is chosen to feed the STBITLIGs rathentBIT. A higher carbon price can reverse thigasion.

% Regarding the coal price effect, moving fom CBSIB0 translates into a decrease in the price ®f With
pretty similar prices for AR in both scenarios, sthilearly favors classical against co-firing couarfegion.
Accordingly, in this case, the change in the STlctehfguration unambiguously results fom the carlpoice
increase.
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scenarios (13.10 against 13.07 Euros for AR, 1@@&inst 16.68 for WC). In addition, the
price of LIG decreases in the 450 scenario compaitddthe CPS, which tends to disfavor
co-firing against classical configuration (due teeaker cost saving from coal consumption),
and then cannot justify the move from cheap AR twerexpensive WC. The high carbon
price in the 450 scenario (more than two timesde of CPS in 2030), clearly explains the
decision to co-fire WC rather than AR. Indeed, VEGassociated with a higher incorporation
rate than AR (Table 2), because of its better pt@sethat enable putting more biomass in

coal plants without generating more efficiency &sssThe higher incorporation rate means

that coal plants generate less £e. the value ofeff is reduced in equatio(®)), which
reduces the carbon cost from each co-fired My¥IOverall, the carbon cost saving with WC
is more than the higher biomass cost compared WRh which makes cheaper running
STLIGs with WC rather than with AR. This can be elved when comparing Figure 18 (CP S
scenario, appendix Al.1) with Figure 19 (450 sdenappendix Al.1), where we can see
that the 2030 LLCOEs of new STLIGs under co-firimdpwer with AR than with WC in the
CPS, whereas the reverse is true in the 450 (the pattern holds fasld andgp units).

As for decision to change the co-fired biomass iflu&TLIGs from AR to WC when
moving to the 450 scenario, Figures 10 also inéscdhat some CHPs (STCHPBITs and
STCHPBITLIGS) are used under co-firing with TOPtlre 450 scenario, whereas the same
units co-fire WC in the CPS. Here again, this cleaisgmainly motivated by higher carbon
price in the 450 scenario (simultaneously with low®P price compared with the CPS),
which makes co-firing with TOP more profitable tharth WC due to higher incorporation
rate. Other examples of such move for quality carolbserved when comparing, for a given
scenario, co-firing decisions in different perioalssociated with different price conditions.
Among these results, one can mention modificatairibe co-fired biomass fuel from AR, in
2020, to WC, in 2030, for STBITs in the CPS, and_I&l5 in the 450. These changes are
mainly explained by the rise in the carbon pricereen 2020 and 2030 (+36% in the CPS,
+110% in the 450), which makes co-firing with WC ma@rofitable than with AR due to
higher incorporation rate. This is illustrated bglues of LLCOEs in Figures 18 and 19
(appendix A1.1)%*

24 In order to investigate the efiect of modifyingethalues of the co-firing parametgrsandinc (with respect to
values provided in Table 2), we have run the medti diferent modification applied to these paraene In

order to converse space, we do not report thetsesuthis paper, but they can be found in theofwihg link:
Sensibility Analysis on Co-firing Paramters AppendbES1.0 Basically, results indicate that modifying

produces unambiguous effects, whereas the impdoatariations ininc are uncertain and depend on the price

conditions. Nevertheless, the unsteady effects whaginginc do not represent a very significant concern,
since uncertainty on co-firing parameters is esaénon the values of.
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Figure 9: Power generation from coal plants when co-frisigllowed. Values for 2010, 2020, and 2030, in the
base scenarios with tloé andnoNPPsettings.
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Figure 10: Biomass consumption from coal plants under aagfiin 2030. Base scenarios in tfeandnoNPP

setting.
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5.2 Policy analysis

5.2.1 Carbon price analyss

In order to further investigate how the carbon @©gan impact results, we ran the model with
different fixed values for the carbon prieed.zero, 50 or 100 Euros per tonne of LLONe
use the CPS scenario witbNPPsetting as a reference for this exercise, andangpare the
results we obtain from different modified carboricps. The aim is not to provide precise
values associated with different carbon prices, riatiher drawing some trends about how
modifying the carbon price may impact results.

Regarding power generation, the main effects whereasing the carbon price are a
decrease in production from coal plants and risegroduction from gas (Table 9, see also
Figures 20 and 21 in appendix Al.?ﬁ)This also generates slight increases in produdtan
dedicated biomass, waste, and bio-liquid, wherbasetis no effect on productions from
solar, because of very high costs (which remainmfgher than all other technologies, even
with high carbon prices). Finally, when the carlpoice reaches 100 Euros, there are sharp
increases in production from bio-gas and wind (€a®) see also Figures 20 and 21 in

appendix A1.2).

Table 9: Power generation from coal, gas, bio-gas, wind dedicated biomass power plants (TyMper year),

in the CPS scenario withoNPPandcf settings, when considering different modified ‘ealuor the carbon price.
Values in brackets correspond to results we obtdian running the model with theocf setting in similar
situations.

201( 203(

CPS — cf— noNPP / No carbon price

COAL 78.10 (48.10) 292.30 (292.3()
GAS 3250 (32.£0) 59.20 (59.20)
BIG 0.0¢ (0.09 0.09 (0.09
WIND 11.4C (11.40) 11.40 (11.40)
BIO (dedicated 0.27(0.23 0.27 (0.2)

CPS — cf — noNPP / Unmodified carbon price

COAL 27.30 (27.30) 192.70 (192.00)
GAS 32.£0 (32.£0) 95.40 (97.00)
BIG 0.09 (0.09 0.09 (0.09
WIND 11.40 (11.4C 11.40 (11.4C
BIO (dedicated 0.23 (0.23 0.32 (0.32

2> Taple 9 provides the results associated withnitldPPsetting. The general shape of results is not neddif
with the NPP. We basically observe the same effects when miodifthe carbon price, but they are lesser in
magnitude because nuclear remains dominant in the m
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CPS — cf — noNPP / Fixed 50 Euros carbon price

COAL 16.00 (15.9C 127.00 117.40
GAS 30.50 (30.5( 121.30 (127.1(
BIG 0.09 (0.09 0.09 (0.09
WIND 14.0( (14.00) 24.5( (24.50)
BIO (dedicated 0.24 (0.24 0.35 (0.35

CPS — cf — noNPP / Fixed 100 Euros carbon price

COAL 5.70 (5.6C 25.00 (16.2C
GAS 30.10 (30.1¢ 106.60 (:10.20
BIG 1.40 (1.4C 56.90 (60.3(
WIND 11.2C (14.00) 25.90 (32.40)
BIO (dedicated 0.24 (0.24 0.35 (0.35

Even though the production from coal plants de@eaghen the carbon price is increased,
Table 9 shows that the reduction is greater whefiriog is not allowed. Co-firing reduces
coal plants exposure to carbon price increases,chwhnaintains their profitability.
Furthermore, when co-firing is allowed, resultsizgatle that all the power generation from
coal plants is made under co-firing in every yedrew considering fixed 50 or 100 Euros
carbon prices (co-firing becomes the only configorafrom 2023 on, when the CPS carbon
price is not modified). As opposed to what we obsdor coal plants, we see that increasing
the carbon price increases the power generatian fyas, mainly from CCGASs. Because
rises in the carbon price more strongly impact ¢bah gas plants, this tends to increase
profitability of CCGASs compared with coal pIaﬁ?&f CCGASs become more profitable,
they must switch places with coal plants in theitr@der, which results in more production
from gas and less from codlHowever, by increasing profitability of coal cormpa with
gas, co-firing can lower the benefits from coalgas switching and explain the trend towards
more coal and less gas when running the model thiglef compared with th@ocf setting

(Table 9). We cannot precisely highlight the inflae of co-firing on coal-to-gas switching,

26 Producing one MWh of electricity usually generatezre CQ emissions from coal compared with gas plants.
However, co-firing can strongly reduce the drawbadkcoal plants. When considering co-firing withghi
percentage of (high-quality) biomass in coal platite CQ emission factors of coal and gas plants can become
almost identical. For example, using the efiiciemates of existing STBITs and CCGASs (see onlinseagdix
about cost and technical data) with the sameg €®@ission factors for primary energy as presentedection
4.1.2, one can compute that CCGASs and STBITs yield and 0.94 tCAMWhg, respectively. However,
when considering the ability to use STBITs undefiroag, the emission rate of STBITs can be reduted.9
(5% incorporation rate with low-quality biomasshdaeven 0.47 tC&@MWhge. (50% incorporation rate with
high-quality biomass). See equation &ﬁ{iin section 3.3.2.

27 This reversal in the merit order between coal gasl power plants is well documented in the liteea(e.g.
Delarueet al., 2010; Bertrand, 2012; Solier, 2013).
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because such investigation would necessitate regpwith fixed fleet. Both variations in the
carbon price and modifications in the model settimgn change the number of available
capacities (including coal and gas capacities).cdeih is difficult to see whether variations in
generation from coal and gas during a given hoareaplained by modifications in switching
or by the composition of the fle8t However, looking at the marginal costs (computed i
similar fashion as in equatidB)) we see that co-firing can modify the merit-ordécoal and
gas plants, so that switching that would exist vatial plants under classical configuration,
may be no more profitable when co-firing is implaerlrmll.29 As an illustration, let us consider
the marginal costs associated with existiolg or gp) CCGASs and STBITs, under classical
and co-firing configurations, for the year 2019, tle CPS scenario with 50 Euros or
unmodified carbon price. Results indicate that SEBare cheaper than CCGASs with the
unmodified carbon price (19.82 Euros per tonne 6L)Cwith both classical and co-firing
configurations: 64.6 Euros par M\\fh for CCGASs, against 51 (classical configuration),
50.8 (co-firing with WC), or 50.6 (co-firing with R) for STBITs. With a 50 Euros carbon
price, CCGASs become cheaper than STBITs undesicdsonfiguration, but remain more
expensive when considering co-firing (which pregetite coal-to-gas switching that would
exist without co-firing): 75.8 Euros par MMk for CCGASs, against 77.3 (classical
configuration), 74.6 (co-firing with WC), or 75.%d-firing with AR) for STBITs> This
shows that co-firing can change the merit-ordeca#l and gas plants, and may modify the
switching decisions between these units. This isirgeresting question that may be
investigated with the model by turning off the istraent and decommissioning/prolongation
modules.

Investment results also exhibit the same trend tdsvenore gas and less coal when the

carbon price increases. This is illustrated in Fegul.

28 Eor example, in 2020, when considering WP setting, moving from the unmodified CPS to the GRth a
50 Euros carbon price increases the generatiorticegsaby 4 GW for wind and 1 GW for CCGAS, withtbaf
andnocf, whereas the STBIT capacities are reduced imticé(by 0.2 GW) and increased in tbie(by 1 GW).

® These results confirm some preliminary investmyatiin an early version of GES (see Le Catiral.,, 2011).
30 Results indicate that moving from the unmodifdd<to the CPS with a 50 Euros carbon price incsetime
2019 generation of STBITs in each of th§;, hours (intermediate load levels in winter) from2960 6579 MW
(in the medium demand event for electricity, Tablein theNPP with cf, whereas this reduces the same values
from 5629 to 5424 MW in th&lPP with nocf This is an interesting result with the simultameeffect of co-
firing on the merit-order of coal and gas plants, described above. However, as explained earliés, it
difficult to see which part of this change is doglie infuence of co-firing on the marginal cosied which one
is due to modifications in the fieet
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Figure 11: Evolution of cumulated new investments with différenodifed values for the carbon price in the
CPS scenario with diferent model settings.

Interestingly, results show that more investmentsaal are undertaken with tloé setting,
ceteris paribus For example, the 2030 cumulated investment il wdeen considering a
fixed 50 Euros carbon price is 8.6 GW, withand noNPR and 7.2 GW, withnocf and
noNPR This illustrates again this influence of co-figion the coal plants profitability. Figure
11 also indicates that a 100 Euros carbon pricelyoes investments in wind and bio-gas.
Increasing the carbon price may also modify deasioabout prolongation or
decommissioning of the out-of-lifetime coal plariEsgure 22, appendix A1.2). In this case,
the decisions also depend on the ability to uskpdaats under co-firing. This is analyzed in
section 5.2.2.

Regarding biomass consumption, results indicatethigacarbon price is an important
driver (Figure 12, see also Figures 23 and 24 meaplix A1.2).
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Figure 12: Detailed 2030 biomass demand with different medifvalues for the carbon price in the CPS

scenario withcf andnoNPPsettings.
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The influence of the carbon price appears in tlodueon of biomass demand from co-firing,
which represents between 90 and 95% of the tot@ndss demand in all cases. By
comparison, the biomass demand associated witlcatedi biomass units is weak (when
running simulations with theocf setting, we get the same values from dedicateid @si in
Figure 12). From zero to 50 Euros carbon pricepibenass demand increases. For example,
the total biomass demand in 2030 is 11.7 JWhwith zero carbon price, 32.2 with
unmodified CPS carbon price, and 32.5 with 50 Ewadpon price. By contrast, when the
carbon price is 100 Euros, the total biomass denmréduced compared with results we
obtain with a 50 Euros carbon price. This is exm@di by a sharp reduction in the power
generation from coal plants in this case, becaod#&ing (in the same way as gas) becomes
substantially less profitable than alternative tetbgies that do not emit G@missions such
as wind and bio-gas. However, the diminution is Isgnificant in the biomass demand (-
62%) than in coal plants generation (-80%). Th&uks from a move for quality with a high
carbon price (as discussed in section 5.1.3), wimdnces more demand for high-quality

biomass with high incorporation rates.

5.2.2 Co-firing and prolongation or decommiss oning of out-ofifetime coal plants

Since the profitability of co-firing may heavily plend on the cost for GGemissions, we
investigate here the consequences for prolongatimh decommissioning decisions when
increasing the carbon priceq. we apply different values for the carbon pricetoationg5)
and (6)). Results are summarized in Figure 13 (see algoré€s 25, 26, and 27 in appendix
A.1.2).

Cumulated prolonged coal plants in 2030 : The influence of Co-firing
4500

4000 +

3500 +
3000 +
2500 +
2000 ~ M Co-firing considered
1500 + Co-firing not considered
1000 +

D .

0 50 80 90 100 150

Carbon Price

Prolonged coal capacities (MW)

Figure 13: Infuence of co-firing on the cumulated volume prblonged @p) coal capacities in 2030, when
considering different modified values for the carlpice in the CPS scenario.
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First, Figure 13 shows that the carbon price maypaich the prolongation and
decommissioning decisions, regardless of the infleeof co-firing. Even though this
corresponds to very high values for the carbonepriesults indicate that when the carbon
price reaches 90 Euros, some of the out-of-lifetamal plants are no more prolonged. This
intensifies when the carbon increases beyond #iligey

Second, Figure 13 also exhibits an effect of ciofjron these decisions, which induces
prolonging units that would be decommissioned withconsidering co-firing (see 90, 100,
150 Euros carbon prices in Figure 13). For exanwildy a 90 Euros carbon price, part of the
STBITs is prolonged when considering co-firing wéeesr they would not without co-firing
(Figure 25, appendix A.1.2). Similarly, some STLI&s prolonged with a 100 Euros carbon
price when co-firing is accounted for into decisipmwhereas they would not otherwise
(Figure 25, appendix A.1.2).

Results indicate that co-firing and the carbon e@reéxert a joint influence on the
prolongation/decommissioning decisions. In orderetplain this, two effects have to be
compared: a capital effect, which benefits to pmgadion (due to lower capital cost compared
with new investments), and an efficiency effect,icihbenefits to new investments (due to
higher efficiency rates compared with prolongedtsjniWwhen the carbon price is low, the
capital effect tends to dominate the efficiencyeelff because the carbon expense is relatively
weak in this case. Hence, the lower carbon codt mgiwv investment (due to higher efficiency
rates) is not enough to compensate the lower dagohd with prolonged units. This is what
we observe in Figure 13 when the carbon price ismnee than 80 Euros. In this case, all the
out-of-lifetime coal plants are prolonged sincelpmgation is still cheaper than similar new
investments, no matter if co-firing is accounted ifodecisions or not (Figure 27, appendix
A.1.2). By contrast, when the carbon price becomgbl enough, the efficiency effect may
dominate the capital effect, so as it may be chretpevest in new coal plants rather than
prolonging the out-of-lifetime units. This is whappens in Figure 13 when the carbon price
reaches 90 Euros. In this case, some of the olifietifne coal plants that were prolonged
with a lower carbon price are decommissioned. Hamretaking into account co-firing may
modify the results, so that prolongation remaingagter than new investmemge(the capital
effect remains more significant than the efficiereffect despite the high carbon price) for
some coal plants. This is illustrated in Figureik@ppendix A.1.2. As a consequence, part of
the coal plants that would be decommissioned witloodfiring are still prolonged. This is
what happens for the main part of STBITs with a EQO@os carbon price, which is prolonged

with co-firing whereas they would be decommissioatiterwise (Figure 25, appendix A.1.2).
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5.2.3 RES obligation and co-firing

Another interesting topic to explore with the modethe question of how co-firing would
impact the electricity mixif it is recognized asantribution to achieve the RES objective. In
this case, the biomass part of the primary endngy is burned in coal plants under co-firing
would be accounted for as RES. This does not qoores to the current legislation in most
the EU countries, however this constitutes an @#ang prospective analysis since co-firing
is often pointed out as a low-cost opportunity toréases the share of RES in power
generatiort"

In order to investigate this question, we add ahliteonal constraint to the
optimization problem that assigns a mandatory targgarding the share of RES in the
overall electricity productioni.e. 27% for France as of 2020; MEEDDM, 2008). We apply
this constraint with two different settings depemgddn whether co-firing is accounted for as a
RES (REScfsetting, which corresponds to the optimizationigem with constrain{c.35)) or
not (RESnocketting, which corresponds to the optimizationiglem with constrain{c.34)).

In the first case, we add the electricity assodiateh the biomass part from co-firingd. the
product between the biomass consumptions fromrecogfand the associated efficiency rates,
ncc,f) to the sum of all the RES power generation. Adllastration, we present in this paper
the results we obtain when applying this to the G&ario.

Results confirm the intuition that recognizing @orfg as a contribution to the RES
objective may greatly modify the electricity mixnBurprisingly, results from thRESnhocf
setting show a sharp increase in the RES capanilyganeration, compared with what we
obtain in the base CPS with no constraint on theesiof RES (section 5.1). By contrast,
results from thdREScfsetting are similar to those from the base CPSs Bhillustrated in
Table 10 and Figures 14 and 15 for tlm\NP Psetting (see also Figures 28 and 29 in appendix
A.1.2). In this case, recognizing the biomass phdb-firing as RES leads to the substitution
of coal for wind and bio-gas compared with tR&Snocfsetting. Hence, such a policy
arrangement for co-firing would maintain the shafecoal in the power mix. While this
would help increasing the share of RES in the shant this may be a concern for social

acceptability in the longer run.

31 The UK is among the few EU countries that recogrie-firing as a contribution to RES power generati
Notably, Renewables Obligation Certificates (RO@s now attributed to electricity generated in golaints
under co-firing with biomass. In this case, the R@& (ROC per MW{J is lower than that of dedicated
biomass power plants. See Alexaneleal. (2013).
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Table 10: Main results fom coal, bio-gas, and wind, in CR8nsario withcf andnoNPP, when considering
different settings regarding the share of RES iwgyqyeneration: no constraint (base caB&Scf andRESnocf
(with cf andnocf. Values in brackets correspond to results weinbhthen running the model in tmecf setting
with the same prices.

Power Generation (TWh.per year)

201( 203(
Base Cas RESc RESnoc Base Cas RESc RESnoc
Coa 27.3 (27.3) 27.3 27 (27) 192.7 (192) 192.7 111 @ps8
Bio-ga: 0.09 (0.09) 0.09 0.4 (0.4) 0.09 (0.09) 0.09 1984
Wind 11.4 (11.4) 11.4 14 (14) 11.4 (11.4) 11.4 42.9912.

Total Installed Capacities (GW)

201( 203(
Base Cazs RESc RESnoc Base Cazs RESc RESnoc
Coa 10.5 (10.5) 10.5 10.5 (10.5)  25.6 (10.5) 25.6 13.3)
Bio-ga 0.1 (0.1) 0.1 1.1 (1.2) 0.1 (0.1) 0.1 16.1 (17.5)
Wind 4.3 (4.3) 4.3 5.3 (5.3) 4.3 (4.3) 4.3 16.3 (16.3)

Cumulated New Capacities (GW)

201( 203(
Base Cazs RESc RESnoc Base Cazs RESc RESnoc
Coa 3(3) 3(3) 3(3) 18 (17.9) 18 6.7 (6.4)
Blo-gax 0 -() 1(1) -() - 16 (15.9)
Wind -() -() 1(@1) -() - 12 (12)
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Evolution of Power Generation - CPScf (RESnocf) - noNPP

Evolution of Power Generation from RES - CPScf (RESnocf) - noNPP
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Figure 14: Evolution of the power generation mix in theNPPsetting, with a constraint on the share of RES in
the total power generation in the CPS scendiBSnocf(with cf and nocf settings) corresponds to the case in
which co-firing is not recognized as a RES, where#s in theREScf
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Evolution of Installed Capacities - CPScf (RESnocf) - noNPP

Evolution of Installed RES Capacities - CPScf (RESnocf) - noNPP
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Figure 15: Evolution of the generation capacity mix in th@N\PPsetting, with a constraint on the share of RES
in the total power generation in the CPS scen&ESnoc{with cf andnocf settings) corresponds to the case in
which co-firing is not recognized as a RES, where#s in theREScf

More surprisingly, results indicate that the RESvpiogeneration and capacity are increased

for both theRESnochocf (i.e. when co-firing is neither recognized as RES nlowadd) and

the RESnoctf (i.e. when co-firing is not recognized as RES whereas #llowed) when
considering thé&\ PP setting rather than thNPP(Figures 28 and 29, appendix A.1.2). This

means that more RES are involved when the prolamatf out-of-lifetime nuclear units is

allowed, which seems counter-intuitive. This isuadly the consequence of the higher power

generation from conventional technologies due toremouclear capacities in this case,
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compared with theoNPP. For example, in thRESnoctf setting, the total power generation

from conventional technologies €. all the power technologies except the RES) in 28330
502.92 TWh. with the NPP, whereas it is 436.33 with thNPP. Hence, in order to reach
27% of RES in the total electricity production (thandatory percentage in France), the total
power generation from RES has to be more signifitatheNPP. 185.22 TWhQ,.. compared
with 161.38 in thenoNPPR This also translates into more investments in REB the NPP
than with thenoNPP. Notably, these are the only model settings tbakegate investments in
dedicated biomass power plants: about 1.5 GW ofutated new STBIO capacities in 2011
for both theRESnoctf andRESnochocf with theNPP. Accordingly, the power generation
from dedicated biomass units is more significa@intim any other model setting: 9.5 TY¥h

in 2030 for both th&ESnocfcf andRESnochocf with theNPP (the same value ranges from
0.27 to 0.32 TWhe in the base CPS), which is associated to 27.7 JF\wf (AR) biomass
in dedicated biomass power plants (89% of the tmtethass demand in tlRRESno ctf).

6. Conclusions

This paper presents the version 1.0 of GES, wlscla isimulation model that has been
designed to investigate questions related to bierbased electricity in the European
countries, with a special focus on the biomassimogf in coal plants. The model allows
assessing the consequences of co-firing, carbare @md RES policies on the share of
biomass in the electricity mix, the competition ieeen different types of biomass with
unequal qualities, investments or decisions abeab thmissioning or prolongation of out-of-
lifetime coal plants. To the best of our knowledgey other model provides a so
comprehensive analysis of biomass-based electraitg co-firing. Interestingly, the GES
model offers an original tool to investigate theliilect consequences of biomass-based
electricity through couplings with models for awdillity of biomass resources, land use, or
biomass supply to competing consumer sectors.

We extend previous works in the literature in asislly three directions. We provide
the first simulation model for electricity that &skinto account the biomass co-firing in coal
plants with a wide range of induced effects. Notakle represent the impact of biomass
quality on the conversion efficiency of coal plawntsder co-firing configuration. Among the
main results, we show that co-firing may incredse share of coal in the electricity mix, but
its influence remains slight in the base scenamiasthe actual contribution of coal (as that of

other non-nuclear technologies) heavily dependshemability to prolong or not the out-of-
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lifetime nuclear units. Results indicate that e¢od§ can more significantly impact the
production and investments from coal plants whemsictering higher carbon prices than in
the base scenarios. In all cases, co-firing geasratmuch more significant biomass demand
(often close to 90% of the total demand) comparét dedicated biomass power plants. In
addition, we find that increasing the carbon prgemerates a move towards quality that
induces consuming more high-quality biomasg.(WP or TOP) with high incorporation
rates.

Second, we analyze the effect of co-firing on dens about prolongation or
decommissioning of out-of-lifetime coal plants. Riés indicate that co-firing exerts a joint
influence with the carbon price. On the one hawthes of the out-of-lifetime coal plants that
are prolonged with a low carbon price tend to beodamissioned when the carbon price is
increased. On the other hand, taking into accooxfiriog may encourage to prolonging units
that would be decommissioned otherwise. Howevesn ¢kiough co-firing is able to increase
the share of coal in the electricity mix, a hightboa price can heavily weaken its influence
with much fewer prolongations and investments il pdants.

Finally, we investigate the consequences of reargm co-firing as a contribution to
achieve the RES objectives in power generationulReshow that this can greatly modify the
electricity mix. Indeed, whereas recognizing co¥fy as a renewable may offer efficient
opportunities to manage the short run developmeRES in power generation, this may also
maintain the share of coal in the power mix. In tbveger run, this may be a concern, as
maintaining a high share of coal would raise isgaesocial acceptability. At least, if agreed,
such arrangement for co-firing would necessitatditemhal policy instruments so as to
alleviate the incentive to rely too much on coah@dng these policies, a strong carbon market
appears as a good driver to accelerate a more iao®itransition towards more RES in
electricity.

In summary, this paper provides an extensive aaerof the version 1.0 of the GES
model, with an application to the French power ganen. Overall, the results indicate that
the biomass demand from co-firing is much greatantthat from dedicated biomass units,
and that co-firing can heavily influence the compos of the fleet under certain
circumstances and policy arrangements. In the cufr® version, the GES model is made up
of different modules for different European cougdgriwhich allows easily implementing the
same simulations for other countries as for Francehis paper. This will be a matter for
further analyses based on the model. An avenutitare developments would be connecting

all the country modules into a single model. Thisuld allow investing the development of
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biomass-based electricity simultaneously at theldsdl, with potential competition between

countries to access the biomass resource.
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Appendix Al: Additional Figures and Tables.

Al.1 Base Scenarios
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Figure 16: Evolution of biomass consumption in dedicated ema power plants. Values for the base scenarios

in thecf andnocfmodel settings, when prolongation of out-of-lifle& nuclear units is allowedNPP).
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Figure 17: Evolution of biomass consumption in dedicated avel power plants. Values for the base scenarios
in thecf andnocfmodel settings, when prolongation of out-of-lifed nuclear units is not allowedoNPB.
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Figure 18: LLCOEs associated withewpower plants, when considering the prices fomGRS scenario.
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Figure 19: LLCOEs associated withew power plants, when considering the prices from4th@ scenario.
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Al.2 Policy Analysis

Evolution of Power Generation - CPScf - noNPP
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Figure 20: Evolution of the power generation mix
modified values ofthe carbon price in the CPS awen

in tm®NPP with nocf and cf settings with different
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Figure 21: Evolution of the generation capacity mix in theNPP with nocf and cf settings with different
modified values ofthe carbon price in the CPS aen
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Evolution of Cumulated Capacities Prolonged by the Model - NPP
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Figure 23: Evolution of biomass consumption in dedicated avedl power plants. Values for different modified
carbon prices in the CPS scenario, with ¢heand nocf model settings, when prolongation of out-oflifea
nuclear units is allowed\NPP).
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Figure 24 : Evolution of biomass consumption in dedicated aved power plants. Values for different modified
carbon prices in the CPS scenario, with ¢hand nocf model settings, when prolongation of out-oflifed
nuclear units is not allowethdNPB.
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Prolonged coal plants in 2030 - Co-firing not taken into account
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Figure 25: Detailed infuence of co-firing (per coal technofp@n the cumulated volume of prolongegb)(coal
capacities in 2030, when considering different miedivalues for the carbon price in the CPS scenari
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Figure 26: LLCOEs associated with the prolongation/decommisag decisions (see equatigd) and (6))
when the carbon price is 100 Euros per tonne of @@h the fuel prices from the CPS scenario).
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Figure 27 : LLCOEs associated with the prolongation/decommissg decisions (see equati¢s) and (6))
when there is no carbon price (with the fuel pritem the CPS scenario).
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Evolution of Power Generation - CPScf (RESnocf) - NPP

Evolution of Power Generation from RES - CPScf (RESnocf) - NPP
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Figure 28: Evolution of the power generation mix

in tN@

P setting, with a constraint on the share of RES in

the total power generation in the CPS scend&i&Snocf(with cf and nocf settings) corresponds to the case in
which co-firing is not recognized as a RES, whereés in theREScf
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Evolution of Installed Capacities - CPScf (RESnocf) - NPP

Evolution of Installed RES Capacities - CPScf (RESnocf) - NPP
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Figure 29: Evolution of the generation capacity mix in thEP setting, with a constraint on the share of RES in
the total power generation in the CPS scenaiBSnocf(with cf and nocf settings) corresponds to the case in

which co-firing is not recognized as a RES, where#s in theREScf
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Appendix A2: Power Plants Technologies and Fuels.

UJ

Groups of Technologies Power Plants Technologies Nogig%n n
Nuclear NPP
Nuclear Nuclear CHP NPPCHP
Bituminous Coal (hard coal) Steam Turbine Bitumis@oal (hard coal) STBIT
Lignite Coal Steam Turbine Lignite Coal STLIG
Bituminous/Lignite Coal Steam Turbine Bituminougjhite Coal STBITLIG
Bituminous Coal (hard coal) CHP Steam Turbine Bitwas Coal (hard coal) CHPSTCHPBIT
Lignite Coal CHP Steam Turbine Lignite Coal CHP FIRLIG
Bituminous/Lignite Coal CHP Steam T urbine BitumisdLignite Coal CHP STCHPBITLI
Steam Turbine Ol STOIL
Combustion Turbine Oil CTOIL
Oil and Bio-liquid (biofuel) Internal Combustion Oil ICOIL
Combustion Turbine Bio-liquid (biofuel) CTBL
Internal Combustion Bio-liquid (biofuel) ICBL
Steam Turbine Oil CHP STCHPOIL
) o ) Combustion Turbine Oil CHP CTCHPOIL
Oil and Bio-liquid (biofuel) CHP , -
Internal Combustion Oil CHP ICCHPOIL
Internal Combustion Bio-liquid (biofuel) CHP ICCHRB
Steam Turbine Gas STGAS
Steam Turbine Biogas STBIG
Gas and Biogas Combust?on Turb?ne G'as CTGAS
Combustion Turbine Biogas CTBIG
Internal Combustion Gas ICGAS
Internal Combustion Biogas ICBIG
Steam Turbine Gas CHP STCHPGAS
Steam Turbine Biogas CHP STCHPBIG
Gas and Biogas CHP Combustion Turbine G_as CHP CTCHPGAS
Combustion Turbine Biogas CHP CTCHPBIG
Internal Combustion Gas CHP ICCHPGAS
Internal Combustion Biogas CHP ICCHPBIG
Combined Cycle QOil CCOIL
Combined Cycle (CC) Gas turbingl Combined Cycle Gas CCGAS
Combined Cycle Biogas CCBIG
gﬁ'rgb'”ed Cydle (CC)Gas bl | (1 hined Cydle Gas CHP CCCHPGAS
Dedicated Biomass Steam Turb?ne Biomass STBIO
Steam Turbine Waste STWST
Dedicated Biomass CHP Steam Turbine Biomass CHP STCHPBIO
Steam Turbine Waste CHP STCHPWST
Hydro conventional (other th¢ Hydro conventional (other than pumped HYCV
pumped and storage) storage)
Hydro pumped and storage Hydro pumped and storage YPSH
Solar PV Solar PV PVP
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Wind Wind Power WPO
Geothermal Geothermal GEO
Geothermal CHP Geothermal CHP GEOCHP

Main fuel
categories

Fuels included in the
categories

Notation in
GES

Allowed power plant technologig
to burn fuels

Oil

Oil

OlL

STOIL, CTOIL, ICOIL, CCOlIlL,
STCHPOIL, CTCHPOIL, ICCHPOIL

Natural Gas

Natural Gas

GAS

STGAS, CTGAS, ICGAS, CCGAS,
STCHPGAS, CTCHPGAS, ICCHPGA
CCCHPGAS

U7

Coal

Bituminous coal (hard-coal

BIT

STBIT, STBITLIG, STCHPBIT
STCHPBITLIG

Lignite

LIG

STLIG, STBITLIG, STCHPLIG
STCHPBITLIG

Uranium

Uranium

ou

NPP, NPPCHP

Torrefied Pellets

TOP

STBIO, STCHPBIO, STBIT (c-iring),
STLIG (co-firing), STBITLIG (co-
firing), STCHPBIT (co-firing),
STCHPLIG (co-iring), STCHPBITLIG
(co-firing)

Solid Biomass

Wood Pellets

WP

STBIO, STCHPBIO, STBIT (c-firing),
STLIG (co-firing), STBITLIG (co-
firing), STCHPBIT (co-firing),
STCHPLIG (co-fring), STCHPBITLIG
(co-firing)

Wood Chips

wC

STBIO, STCHPBIO, STBIT (c-firing),
STLIG (co-firing), STBITLIG (co-
firing), STCHPBIT (co-firing),
STCHPLIG (co-firing), STCHPBITLIG
(co-firing)

Agricultural Residues

AR

STBIO, STCHPBIO, STBIT (c-iring),
STLIG (co-firing), STBITLIG (co-
firing), STCHPBIT (co-firing),
STCHPLIG (co-iring), STCHPBITLIG
(co-firing)

Waste

Mixed Grade Waste

MGW

STWST, STCHPWST

Biogas

Biogas

BIG

STBIG, CTBIG, ICBIG, CCBIG
STCHPBIG, CTCHPBIG, ICCHPBIG

Bio-Liquid

Bio-Liquid

BL

CTBL, ICBL, CTCHPBL, ICCHPBL
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Appendix A3: Summary of the main notations.

Sets and Indices

Main Sets

Sub-Sets

Notation

Description

Index

Notation

Description

Power plant technologies.

UNC

All the power plants, excej
the coal plants np-coal
power planty

uc

All the coal plants.

Prolongation status for power plar
[Po; .- ], where p, stands for powe
plants that have been prolongedimes
before 2010.

Fuels for power plants.

FC

All the coal-based fuels.

FNC

All the fuels, except the coal
based fuels.

FSB

Solid biomass fuels.

MF

Main fuels for coal plants under co-firin
configuration. MF c FC.

BAQ

Biomass alternate fuels for coal pla
under co-fring configurationsBAQ c
FSB.

Years in the considered time inten|
[2010,...,2030].

al

Initial vintages of power plants (year

commissioning or of last refurbishment).

PPC

Power plant categorization. V

distinguish here between old units that

have not been prolonged by the mo
(old),b out-oflifetime units that hav
been prolonged by the modgpEGES
prolongatior), and new units that cormj
from investmentsniew).

Hel

a} -

e

VGP

Vintage of gp power plants i.e. old
plants, prolonged by the model as
2010).

of vgp

VNI

Vintage of new power plants i.e
commissioned new investments as

of vni

2010).

Variable

Notation

Description

old
Ct,U,U,p

before 20

10.

Installed capacity (MW) in yeat for old power plantsu of
vintage v (with v < 2010), which have been prolongpdimes
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Installed capacity (MW) foigp power plantsu (i.e. old plants

c9P prolonged by the model as of 2010) of vintagg (with vgp >
wv,p,vgp 2010), which have been prolongedimes sinces (with v < 2010)
and before 2018.
Decommissioned capacity (MW) in yet for old power plantsu
cold.decom (i.e. old plants, decommissioned by the model as of P@ifC
tuvp vintage v (with v < 2010), which have been prolongpdimes
before 2010.
new Installed capacity (MW) for new power plants u (i.e
wvn commissioned new investments) of vintage (with vni > 2010).
. LLCOE (2010EUR/MWlye, with ty as reference year t
(LLCOENIt%f) discounting) when considering new investments iar ydor no-
7 TuEUNC coal power plantsi using fuelf.
tonocf LLCOE (2010EUR/MW/,e, Wwith ty as reference year t
(LLCOENIt‘i’Lf ) discounting) when considering new investments irydor coal
o uevc power plantau using fuelf in classical configuration.
LLCOE (2010EUR/MW|yee with t; as reference year f
(LLCOENIf‘;l’CT’; b) discounting) when con_sidering new i_nvestments :mryebr coal
UMD/ yeuc power plantsu in co-firing configuration with main fuem and

alternate biomass fuél

LLCOE (2010EUR/MWlye, wWith t; as reference year f

(LLCOEPROLttOu f) discounting) when considering to prolong in yeaut-of-lifetime
© 7 TueuNc no-coal power planta using fuelf.

tonocf L_LCOE '(2010EUR/MV\.lIe|eq with t, as .reference year f

(LLCOEPROL;’I’“C ) discounting) when considering to prolong in yeaut-of-lifetime
© Tueuc coal power plantsi using fuelf in classical configuration.

LLCOE(2010EUR/MW/l,e, with ty as reference year f

tocf discounting) when considering to prolong in yeaut-of-lifetime

(LLCOEPROLt'u'm:b)ueUC coal power plantsi in co-firing configuration with main fuein

and alternate biomass fulel

Parameters
Notation Description
lfu Load-factor of power plants.
lifeti Lifetime of plgwer plantsi that have not been prolonged:
lfetime new. 0 .
u crew, Or(Ct'u'v‘p)pEP\{p1,...,pn} withn > 0.
. Lifetime of power plantsi that have been prolonged:
lifetimeprol,, cgp or(cou _
v.pvgp tuvp/ pep\pq

% Thev in this case refers to the same year aslid power plants.

®: Note that among theld units, some may have been already prolonged b2@te (.e. the ones associated
with ap, so thatn > 0), but the prolongation in this case is notlengented by the model.
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Appendix A4: Summary of the IEA (2012) scenarios.

Current Policy Scenario  New Policy Scenario 450 Scenario
(CPS) (NPS) (450)
Government policies that had Existing policies are Policies are adoptedthat

been enacted or adopted by maintained and recently put the world on a
mid-2012 continue unchangedannounced commitments pathway that is
and plans, including thoseconsistent with having

yet to be formally around a 50% chance of
Definitions adopted, are implementedimiting the global
in a cautious manner. increase in average

temperature to 2°C in
the long term, compared
with pre-industrial
levels.

Source: Chapter 1 of IEA (2012).
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Appendix A5: lllustrations of merit-order with co-firing.

Table 11: Merit-orders for a sample of technologies with edight carbon price conditions (marginal costs are
given in brackets). Values are given for two repnéative years 2015 and 2025. In each case, theddsing

configuration of bituminous (lignitegspectively coal plants appears in green (browaspectively.
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Table 12: Merit-orders for a sample of technologies betwe&i52and 2020 (marginal costs are given in

brackets). Values are given with two carbon priceditions: fixed 50 Euros and unmodified CPS carpoces.
In each case, the best co-firing confguration iddrinous (lignite,respectively coal plants appears in green

(brown, respectivel ¥

(LTvT2) (99'6eT) (8ZvET) _Mmmww_vo awm\wv (8e's) (000) (000) (000) 0202
701D  ISMIS SV9LD S omls ddN  OdM dAd  ADAH
(82:202) (28'2e1) (S2°0€T) _%_Nwmw_vo @wmmv (ge's) (oo0) (0o0) (000) 6102
oL Ismls  svold TTVATS oS ddN  OdM dAd  ADAH
@o100) (eroen) (eozn) B OL) (06'69) (£'s) (000) (000) (00'0)
To  sveld  usmus PR ddN  OdM dAd ADAH | 8T0C
(8966T) (pv'22T) (S9°2Z2T) _Mwmw%o (og'g) (o00) (000) (000)
0L Ismus  svolo [FPRER ddN  OdM dAd  ADAH | L10¢
(96'68T) (18'¥2T) (LO'6TT) _M.wmmmw_vo (8z's) (oo0) (000) (000)
oL Ismls  svold TTVATS ddN  OdM dAd  ADAH | 910¢
GrveD Gz Gostn (PEVL (@o0L) 629 ©0 ©00) ©00) |
NWOLD  ISMIS  svold oS _OI91S ddN  OdM dAd  ADAH
1aplo
9dlld uogied soin3 0§ paXxid — SdO BN
vsT6T) (Go'sen) (ystr)  ©EOY) oezs) 69 ©0 ©00) ©00) |
WO ISMIS  SVOLD o o s ddN  OdM dAd  ADAH
(zov8T) (2872€T) (TO°TTIT) ?w\m%v _%mmw_vo (ge's) (oo0) (0o0) (000) 6102
NOL  ISMIS  SVOLD SO o Rl ddN  OdM dAd  ADAH
Goecr) (roen) (soon)  (©06Y o) €9 ©0 ©00) ©00) |
NWOL  ISMIS  SYOLD So o R ddN  OdM dAd  ADAH
o Grien Gozon T o) ©0£9) ©00 (©00) (©00) |
WO ISMIS  SVOLD o o s ddN  OdM dAd  ADAH
(15'69T) (18'v21) (T2'86) Amwm\% _Mw_mmmw_vo (8z'a) (oo0) (000) (000) 9102
NOL  ISMIS  SYOLD S8 o Rl ddN  OdM dAd  ADAH
esesT) (zeer) (eove) (200 orer) 629 ©00 ©00) ©00) |
WO ISMIS  SYOld oo R ddN  OdM dAd  ADAH
1aplo
9dlid uogie) sdd psiipowun — sdO U




WORKING PAPER

N° 2015-03 « Février 2015

Simulating the use of biomass in electricity with the Green
Electricity Simulate model: An application to the French power
generation

Vincent Bertrand, Elodie Le Cadre

Mitigation costs Through alternative crop rotations in agriculture :
An Assessment for 5 European regions
Benjamin Dequiedt, Vera Eory, Juliette Maire et al.

Policy packages for modal shift and CO2 reduction in Lille, France
Hakim Hammadou, Claire Papaix

The dynamics of deforestation and reforestation in a developing
economy

Julien Wolfersberger, Gregory Amacher, Philippe Delacote,
Arnaud Dragicevic

Tax Policy in a Simple General Oligopoly Equilibrium Model with
Pollution Permits
Bertrand Crettez, Pierre-André Jouvet and Ludovic A. Julien

The Social Aversion to Intergenerational Inequality and the
Recycling of a Carbon Tax
Frédéric Gonand

Innovation on the seed market: the role of IPRs and
commercialisation rules
Marc Baudry and Adrien Hervouet

The cost of emissions mitigation by legume crops in French
agriculture
Benjamin Dequiedt and Dominic Moran

Climate
E conomics
Chair

Paris-Dauphine University
CDC Climat

n°2015-03

n°2015-02

n°2015-01

n°2014-14

n°2014-13

n°2014-12

n°2014-11

n°2014-10

Working Paper Publication Director: Philippe Delacote

Les opinions exposées ici n'engagent que les auteurs. Ceux-ci assument la responsabilité de

toute erreur ou omission

La Chaire Economie du Climat est une initiative de CDC Climat et de I'Université Paris-
Dauphine sous I'égide de la Fondation Institut Europlace de Finance

contact@chaireeconomieduclimat.org


mailto:contact@chaireeconomieduclimat.org

