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Abstract

This Data Documentation presents a dynamic investment and dispatch model for Europe
named dynELMOD. The model endogenously determines investments into conventional and
renewable power plants, different storage technologies including demand side management
measures, and the electricity grid in five-year steps in Europe until 2050 under full or myopic
foresight. The underlying electricity grid and cross-border interaction between countries is
approximated using a flow-based market coupling approach using a PTDF matrix. Carbon
emission restictions can be modeled using an emission path, an emission budget, or an
emission price. For the investment decisions a time frame reduction technique is applied,
which is also presented in this document. The code and the dataset are made publicly
available under an open source license on the website of DIW Berlin.

The model results show that under almost complete decarbonization renewable energy
sources in conjunction with storage capacities will provide the majority of the electricity
generation in Europe. At the same time with a rising renewables share, especially after 2040,
the need for storage capacities increases. No additional capacity from nuclear energy or fossil

fuels is installed, due to high costs and in order to meet the greenhouse gas emission target.
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1. Introduction

The future development of the European electricity system is intensively discussed with respect
to the electricity network as well as the role of electricity generation and storage technologies.
Renewable generation is assigned a dominant role with the underlying aim to reduce the carbon
intensity of the entire electricity sector. The electricity sector is taking a vanguard role when
it comes to decarbonization due to its high greenhouse gas (GHG) reduction potentials and
associated costs compared to sectors such as heat and transport. According to the European
Commission (EC) “the electricity sector will play a major role in the low carbon economy” (EC,
2011a).

Electricity sector decarbonization also offers the possibility to substitute fossil fuels in transport
and heating. In contrast to other sectors many low carbon technologies already exist today such
as wind and solar fueled technologies. This is reflected in also in the sectoral decarbonization
potentials estimated by the EC (Table 1).

This paper presents the open-source dynamic investment and dispatch model dynELMOD,
which provides a tool to determine future pathways of the European electricity system under
carbon dioxide (COg2) emission constraints.

Many stakeholders from science and industry highlight the possibility and necessity of a fully
renewable electricity system: the need of a fast switch towards such a system is analyzed in
Pfeiffer et al. (2016). They show that no new investments into new GHG-emitting electricity
infrastructure can be done after 2017, as these capacities would emit too much CO4 over their
lifetime to still adhere to the 2°C target. This includes the assumption, that other sectors reduce
emissions in line with a 2°C target along with the electricity sector. Scenario analyses by Prognos
(2014) validate this for Germany by estimating that a power mainly fueled by solar photovoltaic
(PV), wind and gas backup capacities has up to 20 percent lower costs than a system containing
a combination of gas and nuclear power plants, in which the costs for backup gas power plants
are much lower than the cost of the nuclear power plants. Heide et al. (2010) show, that “For
a 100% renewable Europe the seasonal optimal mix becomes 55% wind and 45% solar power
generation.” In this configuration the least amount of storage capacities are required. With a lower
renewable penetration, the optimal share of wind decreases and the share of solar increases. The
importance of electricity storage technologies will increase, as the amount of electricity generated
by fluctuating renewable energy sources (RES) is very likely to increase in the future (see Zerrahn
and Schill, 2015a).

Using Germany as an example, Agora Energiewende (2017) shows that a renewable system is
cheaper and less dependent on fuel price increases than a fossil based electricity system. Even for
renewable shares up to 60% percent the cost of allowing renewables into the electricity system are
very low and additional storage capacities are still not required (Deutsch and Graichen, 2015).
Hence, for Germany additional storage capacity seems not to be necessary before 2035, when the

development of renewables follows the corridor laid out in the German Renewable Energy Sources



Table 1: GHG reductions and potentials in the European Union

GHG reductions compared to 1990 2005 2030 2050
Total -T% 40 to -44%  -79 to -82%
Power (CO3) -7%  -54 to -68%  -93 to -99%
Industry (CO2) -20%  -34 to -40%  -83 to -87%
Transport (incl. CO2 aviation, excl. maritime)  30%  +20 to -9%  -54 to -67%
Residential and services (CO2) -12%  -37 to -53%  -88 to -91%
Agriculture (non-CO3) -20% -36 to -37%  -42 to -49%
Other non-CQO» emissions -30% -T2 to-73% -70 to -78%

Source: (EC, 2011a, p. 6)

Act (EEG, Erneuerbare-Energien-Gesetz). Furthermore, the cost for renewable integration can be

reduced due to spatial and technological diversification.

1.1. Modeling the European electricity sector

Several approaches exist that examine the future development of the European energy or electricity
sector. Widely used methods are simulation and optimization models. The optimization models
described in this section can be distinguished according to i) the regional coverage and spatial
resolution, ii) the number and resolution of time steps (e.g. years) and whether a myopic or
integrated optimization takes place, iii) the number and resolution of considered time slices
within a time step, iv) the implemented sectors and model interfaces to other sectors, and v)
boundary conditions and targets such as starting the optimization using a brownfield or greenfield
approach or decarbonization targets. The actual model implementation is often the product of
balancing accuracy in technology or economic representation, spatial and temporal resolution and
computational possibilities to keep the model tractable. Connolly et al. (2010) and Després et al.

(2015) give further overviews over long-term energy modeling tools and their characteristics.

1.2. Transparency and open source models

Traceability and transparency are very important for large-scale models as various assumptions
influence the results. Only if all assumptions and data is available model results can be validated
and trusted.

Apart from the need to publish all data and models for scientific credibility and transparency
there is an ongoing trend to publish the data and models under open source licenses. This allows
all stakeholders to base their work upon previous work and to prevents double work within the
scientific community. The number of publications under open licenses has been rising in recent
years. On the one hand entire models including their data set are published, see Abrell and Kunz
(2015), Bussar et al. (2016), Egerer (2016), Howells et al. (2011), SciGRID (2017), Wiese et al.
(2014), and Zerrahn and Schill (2015a). On the other hand complete data sets for direct use are
provided by Egerer et al. (2014), OPSD (2016), and Schréder et al. (2013). dynELMOD also



contributes to this trend, since both source code and all necessary data to reproduce the model
results are published parallel to this publication.

The remainder of this paper is as follows. Section 2 gives an overview of the existing model
landscape, Section 3 discusses the model dynELMOD, methodological considerations of the model
implementation and provides the model formulation. In Section 4 the data used in this application
is described. Section 5 provides the methodology of the time-series reduction technique developed
for dynELMOD. The Results are provided in Section 6. A critical discussion of model limitations

is given in Section 6.5. Section 7 concludes.

2. Large variety of investment models

Despite their high complexity, the political relevance of the future development of the power
mix in Europe has lead to the existence of several investment models. Models with the focus on
Europe are described in this section.

The most well known model is the Price-Induced Market Equilibrium System (PRIMES) model
as depicted in Capros et al. (2014, 1998). It is an integrated energy system model, which covers
the EU27 European energy system. It provides the basis for the European Commission’s scenarios
regarding the development of the electricity sector EC (2009, 2011b,c,d, 2013, 2014). Mantzos
and Wiesenthal (2016) develop the POTEnCIA (Policy Oriented Tool for Energy and Climate
Change Impact Assessment) model for the EC which is in beta phase as of early 2017. It features
a hybrid partial equilibrium approach which allows to analyze technology-oriented policies and
of those addressing behavioral change. Ludig et al. (2011) introduce the Long-term Investment
Model for the Electricity Sector (LIMES), which allows for investment in generation as well as
transmission capacities. LIMES has been used to analyze different effects on the German and
European electricity system in several studies (see Haller et al., 2012; Ludig et al., 2011; Schmid
and Knopf, 2015). In LIMES, the cross-border flow representations interaction is implemented
as a transport model. A similar methodology is applied by Plemann and Blechinger (2017).
They adapt the linear power system model elesplan-m to model the transition of Europe’s power
system towards renewable energies. The electricity grid is reduced to 18 interconnected European
regions using a transport model.

A different methodology regarding the characteristics of transmission networks can be found
in applications of the DIMENSION (Dispatch and Investment Model for European Electricity
Markets) model (Richter, 2011). To account for loop-flows, two approaches for an extension of the
model are implemented in Fiirsch et al. (2013) and Hagspiel et al. (2014). Fiirsch et al. (2013) use
a separate model of the transmission grid, while Hagspiel et al. (2014) integrate a power transfer
distribution factor (PTDF)-representation, which is an approximation of flow-based cross-border
coupling. Both approaches are solved in an iterative fashion, first optimizing market dispatch and
infrastructure development then reviewing the effects of investment on the transmission network

until both solutions converge. Applications focusing on renewable development or decarbonization



of the European electricity sector until 2050 are EWI and Energynautics (2011) and Jédgemann et
al. (2013). Spiecker and Weber (2014) analyze the impact of fluctuating renewables on endogenous
investment decisions for the European power system. They apply a power system model that
allows to include uncertainty in power plant dispatch in the short run depending on the amount of
renewable infeed. This allows to assess the impact of stochastic power feed-in on the endogenous
investments in power plants and renewable energies. Stigler et al. (2015) introduce ATLANTIS, a
European electricity sector model. It includes 29 countries of continental Europe, and a node
sharp demand resolution, direct-current load flow (DCLF) calculations and a unit sharp dispatch.
The open source Electricity Market Model (EMMA) by Hirth (2015) includes the Northwestern
European power market for which its determines power plant investments and linear dispatch
decisions. Most and Fichtner (2010) developed the model PERSEUS-RES-E which optimizes the
power plant portfolio for the EU-15 countries within a time horizon until 2030. A well-known
open source energy modeling system is OSeMOSYS (Howells et al., 2011). It can be used to
evaluate the future development of energy systems. As the time resolution of most applications is
very low, the correct representation of flexibility options is challenging. Welsch (2013) includes
flexibility constraints in OSeMOSYS, but also uses a limited time slice resolution of 8 hours.

In addition to the partial equilibrium and optimization models mentioned above, simulation
models are also frequently used to answer similar questions. These models have the advantage of
being able to include various non-linear calculations and constraints but must not necessarily
reach an optimal solution, as they use iterative steps or the coupling of different modules to reach
a solution. Wiese et al. (2014) have published a fully open source energy system model called
renpass (Renewable Energy Pathways Simulation System), which uses a simulation approach to
determine cost-efficient portfolios for decarbonized electricity systems.

The model GENESYS (Bussar et al., 2016) also optimizes the European power system, and
does — in contrast to most models — not rely on direct mathematical optimization or simulation
methods but uses a genetic algorithm.

Coupling a long-term energy system model to a unit commitment model (UCM) is done in
Després (2015). Here the POLES model (Prospective Outlook on Long-term Energy Systems) is
coupled with a short-term European Unit Commitment And Dispatch model (EUCAD). The
dispatch model is not solved for a whole year but for six clustered days. Després et al. (2017)

build on this framework and analyze the need for storage as flexibility options in Europe.

2.1. Model configuration is crucial

The variety of investment models shows that there can be substantial differences in the config-
uration of models. These effects are not easily tractable and can not be compared as easy as
assumptions regarding input data. Hence, model comparisons as done in the Weyant et al. (2013)
are crucial. Also Mai et al. (2015) show that model configurations and assumptions can strongly
influence model investment decisions. Mai et al. analyze how model investment decisions depend

on model configurations such as different assumptions regarding capacity credit or inclusion of



certain model features vary. Kannan and Turton (2013) analyze the impact of increased time
resolution in the TIMES model and find that improved temporal resolution greatly improves
insights into electricity generation behavior, given the limitations of the TIMES model, as it
can not replace a dispatch model. Nicolosi (2011) finds that in model runs with low temporal
resolution, the importance of conventional power plants is overstated and that the temporal
resolution of such investment and dispatch models significantly influences the result. Pfenninger
et al. (2014) also address the challenges of future energy systems modeling and that the increasing
complexity of the future electricity systems needs to be represented adequately.

In systems with high demand and feed-in fluctuations, the ramping and startup flexibility of
the existing conventional power plant might not be sufficiently represented in linear optimization
models. Some papers aim to achieve an improved representation of power plant properties through
the implementation of mixed integer linear program (MILP) constraints, at the expense of a
drastically higher computational complexity. Poncelet et al. (2014a) lay the groundwork for
integrating a unit commitment formulation into investment models, that can (accompanied
by a loss in accuracy) also used in a linearized version. The investment model IMRES (de
Sisternes, 2013) also includes MILP constraints for thermal units, but is not applied in a long

term application.

3. The model dynELMOD

dynELMOD (dynamic Electricity Model) is a dynamic partial equilibrium model of the European
electricity sector which determines cost-effective development pathways. It i) decides upon
investment in conventional and renewable generation and network capacities for the European
electricity system and ii) calculates the dispatch for an entire year based on the investment result,
or exogenously given capacity scenarios.

Starting point is the currently available power plant portfolio which will be phased out over
time due to its limited technical lifetime. Investments into new generation capacities are done
in the light of the decarbonization pathway that determines the remaining COq emissions. The
model optimizes the investments in a dynamic way as for each year all upcoming years with their
respective COs, demand, fuel and investment cost developments are taken into account.

The modeling approach presented in this paper is comparable to many of the previously
described modeling approaches, as it integrates the two decision levels: market dispatch and
investment in transmission and generation. It also allows for tackling the problem of loop-flows
that occur in alternating current (AC) grids and includes options to limit the model foresight, to
implement myopic behavior. Given exogenous scenario targets for certain technologies, it also
determines the cost-minimal pathway to reach these scenario targets. Furthermore, it verifies
the optimization result in a dispatch model run with 8,760 model hours. When all capacities are

given exogenously, it functions as a dispatch model.
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Figure 1: dynELMOD geographical coverage

dynELMOD is currently applied to a dataset covering every European country in the period
from 2015 to 2050 in five-year steps. The geographical resolution is one node per country, 33
European countries are included in the model. This covers five different synchronous areas show in
different color in Figure 1.! In this application, possible points of interconnection with Northern

parts of Africa are not taken into account.

3.1. Methodology and calculation procedure

In order to reduce complexity we separate the calculation into two steps:

First, the investment decision into power plants and grid is using a reduced time set for the
dispatch calculations. Second, the optimized investment decision are fixed and the dispatch is
calculated for the entire time set to calculate the final generation and to determine whether an
adequate generation portfolio has been found. Both calculation steps use the same boundary

conditions that have been derived from the input parameters.

n this application we consider the high voltage alternating current (HVAC) grids of both Denmark east and
Denmark west as part of the continental synchronous area.



Figure 2 shows an overview of the boundary conditions, calculation procedure and model
outcomes and will be explained in the following. The input parameters can be classified into three
categories: data about the existing infrastructure, future development assumptions and future
constraints which in conjunction form the boundary conditions. The existing data consists of i)
the current power plant portfolio which decreases over time as the lifetimes of the power plants
are reached, ii) the existing cross-border grid infrastructure and iii) time series for load and RES
production. The future developments are characterized by assumptions regarding the change of i)
investment and operational cost, ii) fuel cost iii) full load hours (FLH) and iv) load. Constraints
limiting the solution space are i) the European wide COs emission limits, ii) regional carbon
capture, transport and storage (CCTS) storage availability iii) overall and yearly investment limits
and iv) regional fuel availability. Those boundary conditions are then used in both subsequent

calculation steps:

1. Investment The objective of this step is to determine investments into electricity genera-
tion infrastructure, storage capacities and cross-border grid capacities. To reduce computation
complexity and allow for the representation of a large-scale geographical region we reduce the
hours that will be included in the model. Instead of all 8,760 hours of one year, we only use
certain hours depended on model complexity. To determine these hours, we apply a time frame
reduction technique (see Section 5), that covers the characteristics of seasonal and time-of-day
variations in the input parameters. With this reduced time frame the cost-minimal investments
into the power plant portfolio are determined. In the standard setting, the length of the reduced

time frame is 351 hours.

2. Dispatch After calculating the cost-minimal electricity generation portfolio, the model is
solved again with the entire time set of 8,760 hours. In this step the investments are fixed. This
allows us to test the reliability of the power plant portfolio in a much wider range of cases and to
verify that the determined power plant portfolio ensures system adequacy.

Afterwards, the results from both the investment and dispatch runs are used to generate the

model output.

3.2. dynELMOD model formulation

The model includes two decision levels, the dispatch and the investment in transmission and
generation. These levels are reduced to one level assuming perfect competition and a central planer
that minimizes total system cost. The model is formulated as a linear program (LP) consisting
of equations (1) to (34) in the General Algebraic Modeling System (GAMS). It is solved using
commercially available solvers such as GUROBI or CPLEX.

Objective function The objective of total system cost cost (1) include variable cost for

generation cost9°™ (2), investment cost for new built generation cost™ (3), fixed operation and
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Figure 2: dynELMOD calculation procedure

maintenance cost for existing and new built generation capacity cost®®? (4), and investment cost
for network expansion cost!™® (5). The nomenclature for all sets, variables and parameters can
be found in Section 7. Variable cost for existing capacity are considered on a block level, whereas
new built capacities are aggregated by technology and depend on the commissioning date of the
respective generation capacity. In order to ensure a consistent representation of the investment
cost, annuities are calculated using a discount rate I°. Furthermore, all cost components are

discounted with the interest rate I% which results the discount factor DEF,.



min cost =cost?*" + cost™™ + cost“? + cost'" (1)

gen __ . existing
costI" = E Cvary co,iy * Gy coity x DF,
co,i,t,y,p
newbuzlt newbuilt
+ Z Cvarco|iyyy * 9eoitayyy * DEy (2)

€o,i,t,Y,yY,yy<y
) up down
+ § :Oload007’hy (gco ity + gco it y) * DFZ/

co,i,t,y,yy

inv cap
cost g Cinv; yy * inv,,; . % DF),

€0,%,Y,YY,yy<y
stor . stor
+ E Cinvyy * invgg ., * D,
€0,4,Y,YyY,yy<y

cap __ - . max . cap - stor
cost“? = E CfiZeo,iy * ( E Goloiy T g MUggi gy T 1MV yy) * DFY (4)
CO,iyY P
cost!™® = E Clinece,iy * 0.5 * inv?%ﬁo’cm * DFy, (5)
Yy,C0,c00

The investment cost in dynELMOD are accounted for on an annuity basis. When investments
occur, not the entire cost is accounted for in the year of investment, but the to-be-paid annuities
are tracked over the economic life time of the investment, also taking into account the remaining
model periods to ensure no distortion due to the end of the model horizon. The tracking of the
remaining periods is not shown for clarity.

All equations above are also scaled depending on the length of the time frame ¢ to represent
yearly values, if necessary. This ensures a distortion-free representation of all cost-components
regardless of the time frame included in the model. Furthermore, the equations (2) to (5) are
scaled with a scaling parameter to ensure similar variable magnitude orders. This helps the solver
to achieve fast solution times. In (5) the line expansion is multiplied by 0.5 as the investment is
tracked on “both sides” of the line.

Market clearing The market is cleared under the constraint that generation has to equal load
at all times including imports or exports via the HVAC or high voltage direct current (HVDC)
transmission network (6). Depending on the grid approach, the equation (6) contains either the
variables to represent the network using a PTDF and HVDC-lines or, in the case of the net

transfer capacity (NTC)-Approach contains the flow variable between countries.



0= Qco,t,y - E YGeo,i,ty
i

FNlcot,y

+ D oo dCfloweo, ceort,y ¢ Flow-based approach Vy, co,t (6)
- cho defloweeo,co,t,y

+ Do Jl0OWeco cort,y } NTC approach

Generation restrictions The conventional generation is differentiated into generation of
existing and newbuilt capacity and is constrained by the installed capacity, taking into account an
average technology specific availability as defined in (8) and (9). For non-dispatchable technologies
availability is defined for every hour and is calculated during the time series scaling described in
Section 5. Together with the loading and release from the storage the generation from newbuilt
and existing capacities is summed up to a joint generation parameter in equation (7). The variable
representing the generation from new built capacity is additionally dependent on a second set of
years which represent the year when the capacity has been built. The same holds for the variable
representing the newbuilt capacity. Equation (10) defines the generation of renewable capacities.
Here the generation can be less than the available capacity in each hour, without accumulating

curtailment cost in the system.

Yeo,disp,tyy = gle)fcijz;g%t,y + Z g?;%siﬁltiyyyy
b vusy Yeo, disp,t,y (7)
+ storfoefeta;e storlcf)"zgif;q
;?ci;t;iz%,t,y SAvaco,disp.y * Z,ng,disp,y Vp, co, disp,t,y (8)
g?zf%zbsqg,ltty yy <Avac, Jdisp,y * @nvzgﬁhspﬂy Vco, disp,t,y, yy (9)

. newbuilt . cap
Yco,ndisp,t,y < § ReSAvaco,t,ndisp,yy * Z’n‘vco,'rwlisp,yy
yy<y

existing mazx
—+ E ReSAUa’co,t,ndisp* p,co,ndisp,y

p

Yco,ndisp,t,y (10)

Fuel restriction Some fuels (e.g. biomass) face a limitation on their yearly consumption.
Therefore the total energy output from this fuel is restricted as defined in (11). In scenarios
where multiple technologies compete for a fuel (e.g. Biomass and Biomass with CCTS) it also

determines an efficient endogenous share between these technologies.

emistlng newbuilt

gp co,i,t g t

“7P,Co,,0Y co,i, JCo,00,Y, Yy max

Z ezzsting + Z newbuilt GenCO,f’y VCO’ f’ Y (11)
pyist Ip,cosivy tyy<y 'co,disp,yy
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Combined heat and power The combined heat and power (CHP) constraint is implemented

as a minimum run constraint that depends on the type of power plant as well as the outside

min__chp

has to be equal or greater than G, .,

temperature. Thus ¢¢=/*""9 . The constraint is only

P,C0,%,t,y
valid for existing power plants as it would have unintended side-effects when also applied to new
built technologies. Due to the minimum generation constraint the new built capacities would
have to produce and hence emit COs. This could potentially violate the emission constraint and

thus investment into fossil power plants would not be possible.

existing min__chp
Ip.coity =Y p,cojit

Yco,i,t,y (12)
Investment restrictions Equations (14) and (15) limit the maximum investment in conven-
tional generation and storage technologies. The parameter Gﬁ?jgi"“ is scaled according to the

number of years between the time steps to account for a yearly investment limit.

instcap __ mazx mazxrelease ., cap :
Geoiy = Z prcosi,y T Storagecssy + Z MU iy Veo, i,y (13)
P yy<y
instcap Mazx__installed .
Yeoiy <Geoiv Yeo, i,y (14)
2 : . cap mar__inv ;
Z’n‘vco,i,y SC;’co,i,y VCO, %Y (15)

co,i

Ramping In the model, ramping of technologies is implemented in two ways: On the one hand,
for some technology types, the ramping speed is limited. Here equation (16) and (17) limit the
relative rate of generation output change per hour. As this model is applied on an hourly basis,
this limitation only applies to a subset of generation technologies (e.g. Lignite). Further, to
represent a more economic dispatch behavior regarding ramping, wear and tear of the materials
within the power plant as well as additional fuel consumption for ramping are represented using
ramping costs. The linear model cannot contain binary or integer variables. Thus, the assumed
costs for ramping are slightly higher than in a unit commitment model to account for this model
characteristic. The load change cost of ramping does not need to be tracked for each p, as the

ramping speeds are tracked on a technology level (18).

up < RYP max up . cap )

Jeocty SHiy * § :Gncon,y + 2 :Rz,yy *UMWco,i,yy Veo, i, t,y (16)
p yy<y
down down mazx down . cap
ooty STy * Z pcoyiy T Z Rilyy" * 1coi 4y Yeo, i, t,y (17)
p yy<y

up down __ . _ i ;

ooty ~ Jeoritry =Yeositiy — Jeosit—1y veo,ist,y (18)
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Emission restrictions In the standard setting, a yearly COy emission limit spanning the
entire electricity sector is implemented. The amount of available emissions represents the amount
available to the electricity sector. In case a total emission budget spanning the entire model
horizon is in place, the emission limit of the first and last model period will still be active. On
the one hand, the power plant dispatch in the starting period — where no investments take place —
should not be affected by future decisions. On the other hand, the final emission target is also
adhered to.

; ; g existing - _emission
Emissionlimit, > g gpmm-,t7yC’a7’bonRatzop7co7i7y
D,CO, it
A 19
4 newbuilt Ca’f‘bOnRatiOEMiSSion’new Y ( )
9eo,itys,yy co,i,yy
co,%,t,yy<y
; ; S a existing - _emission
E Emissionlimit, > E Ip.coityCarbonRatio] o
Y Y,P,C0,%,t (20)
newbuilt . emission,new
+ E gco’iyt’ys’yyCarbonRatzoco’iyyy
Y,¢0,0,t,yy<y

CCTS As carbon capture and storage plans are implemented as normal generation technologies,
additional constraints account for the total amount of CO5 that can be stored. As we assume
that no large-scale carbon transport infrastructure emerges in the future, the captured emissions
need to be stored locally within each country. This leads to country-sharp CCTS constraints that

are valid for all model periods.

CCTSStOTCC;’lpaCity > E gemstzng Ca’I"bOnRatiosequeStratwn

P,Co,L,t,y P,C0,1,Y
YsP5€0,10,t
Vco 21
+ newbuilt CarbonRati sequestration,new ( )
Geo,it,ys,yy "~ ATOONLAATI0 05
Y,c0,0,t,yy<y

Storage The operation of storages is constrained in equations (22 to 26). On the one hand the
storage operation is limited by the installed loading and release capacity which can be increased
by the model (22, 23). On the other hand the release and loading is constrained by the current
storage level defined in equation (24).2 The storage level in return is limited by minimum and
maximum storage levels that can be increased by the model independently from turbine and
pump capacity (25, 26). Therefore the model can decide upon the optimal energy to power ratio
(E/P-Ratio).

release mazxrelease E . cap
Storcovsvtyy SAvacovsvy * Storageco,&y + A/Ua:co’s,y * MVco,s,yy VCO, s, t, Y (22)

yy<y

2The storage level in the first modeled hour must equal the storage level in the last modeled hour, to ensure
continuity at the end and the start of each year.
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stor'oading <AVAco s,y * Storagemag”loadmg + AVaco s,y * E invee? (23)

co,s,t,y co,S,y Co,8,yy VCO, S, t, Yy
yy<y

level _ level Release

Storco,s,t y _Storco,s,t—l,y - Storco,s,t,y
Veo, s, t,y (24)
storage t loading Infl 39y Uy
HNeo,s,y * SWO0Tco sty + nfloweo,s,y,t

level mazxlevel E . stor

Storcovsvtvy gStoragew’s,y + MUco,i,yy VCO, s, t,y (25)
yy<y

level minlevel

stor g sy, >Storagegy o Veo, s, t,y (26)

Demand-side-management DSM is also expected to increase the flexibility in the electricity
system. In dynELMOD we focus on demand side management (DSM) where the total demand
remains constant overall but can be delayed several hours. In order to keep the model structure
simple, we implement DSM as a storage technology. In addition to the standard storage equations,
DSM requires further constraints. Depending on the DSM technology models, usage cost occur,
and the maximum hours of load shifting need to be tracked. We implement DSM based on a
formulation by Goransson et al. (2014). As DSM uses the storage equations framework as a
basis, most of the implementation is reversed compared to the formulation by Géransson et al.
(2014). An alternative implementation by Zerrahn and Schill (2015b) would enable a slightly more
accurate tracking of demand-shifts, but the computational overhead was too high to include this
formulation in the model. In addition to the equations for normal storages DSM are restricted by
the equations (27 - 28). The stor!cvs! for all DSM technologies is also tracked to be equal at

co,dsm,t,y

the beginning and end of the model period.

E StOTRelease > Storagemaa:level + E Z-nvstor

co,dsm,tt,y = co,dsm,y co,dsm,yy
tt,tt+dsmratio>t,tt<t yy<y Yo, dsm, t,y (27)
level
- Storco,dsm,t,y
loading mazxlevel : 0 o StoT
Z Storco,dsm,tt,y > StOTageco,dsm,y + Z Znvco,dsm,yy
tt,tt>t,tt—dsmratio<t yy<y VCO, dS’I’TL, t,y (28)

level

- Storco,dsm,t,y

Network restrictions When using the NTC approach, the flow between countries is defined
in equation (29). The flow between two countries is limited by the available NTC, that can be
increased by the model in (30) and (31) through investments in network infrastructure.

flowco,cco,t,y = - flowcco,co,t,y VCO, cco,t,y (29)
- o line
floweo,ceoty SNTCeo cco + E Ny o, cco Yco, cco, t,y (30)
Yyy<y
- line
Jloweo ceotyy = — NTCro cco — § NUyy co,cco Vco, cco,t,y (31)
yy<y
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When using the PTDF approach a more complex framework is required. For load flow cal-
culations we use a country-sharp PTDF matrix of the European high-voltage AC grid which
is relevant in (32). DC-interconnectors are incorporated as well (33). Equation (34) enforces

symmetrical line expansion between countries.

; max - o oline
D PTDFuoccoccco * Micccoty <Pigeco + D iM% ceo Yeo, cco, t,y (32)
ceco Yyy<y
mazx o, line
dCfl0w0070007t7y SH’Udcco,cco + E MYy co,cco Yco, cco, t,y (33)
yy<y
. line . line
NV 0o cco =INVy teo o Yy, co, cco (34)

3.3. Model options

dynELMOD can be adjusted regarding the grid approximation or the “planners foresight” de-

pending on the desired analysis, to be able to answer a wide range of questions.

3.3.1. Foresight reduction

In the standard setting, the model is solved for all years in the model with perfect foresight over
all optimization periods. To mimic a more myopic behavior, the foresight of the model regarding
the upcoming periods can be reduced to limit the anticipation of the planner. The model then
assumes that the overall boundary conditions remain constant after the model optimization period
ends.

This setting requires iterating over the set of all years included in the model, as the horizon
progresses over time. Assuming the foresight period is set to 10 years, the first optimization
iteration covers the time steps 2015, 2020, and 2025. In the next step the investments of the year
2015 are fixed. Then the year 2030 is added to the time horizon and the optimization is repeated.
Next, the optimizations of 2025 are fixed and the process repeats until the time horizon reaches

the final time step.

3.3.2. CO5 emission restriction

A further point of discussion regarding the European Union emission trading scheme (EU ETS)
is the possibility of banking certificates. Ellerman et al. (2015) show that a rationally behaving
agents could minimize their emissions below the given constraint and use the banked allowances
once the constraint tightens. This should minimize overall abatement cost. We include this option
by replacing the yearly emission constraints by a constraint spanning the whole optimization
time frame, thus freely allowing the distribution over the model periods, but keeping the total

emissions constraint intact.

3In the actual model formulation, 2015 is only included as a starting year, the power plant portfolio is not
optimized for this year.
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3.3.3. Grid approximation

We include the option to represent the transmission grid in our model using two different ap-
proaches: A NTC-approach and a flow-based approach using a PTDF-matrix. In both approaches,

every country is represented as a single node with interconnection to neighboring countries.

NTC approach Most of the currently applied models use the NTC-approach to approximate
electricity flows (Ludig et al., 2011; Richter, 2011). In this setting, the NTC-approach models
the grid as a transport model without loop flows. This variant has the advantage of lower
computational requirements and corresponding faster calculation times, as well as less required
input data compared to the flow-based approach. However, the current developments on the
European electricity markets have evolved, as the underlying grid constraints should be reflected
in the market. In the Central Western Europe (CWE) region flow-based market coupling has
been introduced in 2015. Therefore new long-term models should be able to include flow-based
market coupling. The approach in this paper neglects some specifications of actual flow based
market coupling, as neither generation nor load shift keys, which approximate the effect of a

change in generation or load in the underlying HVAC grid, are implemented.

Flow-based approach The second option, the PTDF-approach allows for the approximation of
flow-based market coupling including loop-flows. This approach is computationally more complex.
The calculation of the PTDF requires line-sharp data of the underlying high voltage electricity
grid. The country-sharp PTDF is derived from the actual underlying high voltage AC grid of
Europe as follows: We determine a node- and line-sharp PTDF based on the inverse of the network
susceptance matrix B, ,, and the network transfer matrix H; ,. The matrices B,, ,, and H;,
are calculated using the approach based on Leuthold et al. (2012). A line- and node-sharp PTDF

matrix can then be calculated using (35).

PTDFy =Y Hin* B, Vinn (35)
As in dynELMOD zonal data on a country level is needed, we then calculate a zonal PTDF as
shown in (36).

PTDF; .,
PTDFI'QCO = Z TL ViC, cO (36)

neco co

Here an equal weight is given to all nodes, as the exact withdrawals and infeeds into the grid are
not known to the model before the calculation. An analysis by Boldt et al. (2012) shows that
giving an equal weight to the nodes when aggregating the PTDF is sufficiently accurate. The next
step of the PTDF-approximation to an aggregated level is conducted in (37) using the line-sharp
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PTDF-representation obtained in (36). Here sums over two subsets [1 and [2 are necessary. {1
contains all lines that start in the country co or end in cco, while [2 contains all lines that start

in the country cco or end in co.

PTDF o ccoccco = 9 PTDF} ceco
1

- Z PTDFl,ccco
2

Yo, cco, ccco (37)

The first two sets of the PTDF co, cco determine the country-country connection. The third set
ccco is the injecting or withdrawing country. The PTDF then serves as an input for the calculation.
In contrast to Hagspiel et al. (2014), the underlying PTDF is not updated in our model although
line expansion is taking place. This simplifying assumption is motivated by computational speed
and justified by the small effect of the existent line expansion on the overall flow pattern (see

Section 6), although some loop flow effects are not accounted for.

4. Data

For large-scale electricity system models, comprehensive input data is required. The data is
derived from different disciplines including engineering, finance and meteorology and different
data sources have to be combined and matched. The result are large data sets which are very
hard to reconstruct for interested stakeholders. Therefore we publish all our input data. We use
open source data or own calculations wherever possible. Thereby nearly all final input data can

be reproduced.

4.1. Generation

We include 31 different conventional and renewable generation technologies in dynELMOD. Table
2 shows an overview of the technologies implemented in the model, as well as relevant assumptions
regarding costs, efficiencies and lifetimes.* Except for Germany, existing generation capacities are
aggregated per technology. Existing generation capacities in Germany are included in block sharp
resolution. New built capacities are implemented by technology for all countries.

New built capacity is available instantly and lasts for a predefined number of years depending on
the technology. Depending on the commissioning date the thermal efficiency, costs for investment
and operation and maintenance (O&M) and further characteristics are set. Annuities are calculated
based on the economic lifetime. When the remaining horizon is shorter than the to-be-paid
annuities or the lifetime of the capacity, this is accounted for in the model formulation to avoid
distorting the results by the model horizon’s ending. New conventional power plants usually last

longer than the end of the model horizon, whereas e.g. batteries have a shorter lifespan.

4Table 2 only shows information for 2015 and 2050. The input file accompanying the model also contains
assumptions for the development over all intermediate time steps.
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Figure 3: Capacity development of the operational power plant fleet of 2015

Most efficiencies, technical lifetimes, overnight cost, load change cost, fix and variable operation
and maintenance cost are based on Schroder et al. (2013). Marginal generation cost are calculated
from efficiency, fuel cost and variable maintenance and operation cost. When COs prices instead
of a CO5 budget are assumed, additional cost for CO5 certificates are added depending on
emissions. Figure 4 shows an overview of the assumed development of overnight costs for selected

technologies.

4.1.1. Conventional geneneration technologies

We include ten conventional generation technologies (Lignite, Hard Coal, Combined Cycle Gas
Turbine, Open cycle Gas Turbine, Gas Steam, Combined Cycle Oil Turbine, Open Cycle Oil
Turbine, Oil Steam, and Waste) which use nuclear fission or the combustion of lignite, coal, gas,
oil, and waste for heat generation. Additional constraints apply to those who are providing heat
or are equipped with a carbon sequestration technology.

We use the Scenario Outlook and Adequacy Forecast (SOAF) which provides generation
capacities per country (ENTSO-E, 2015). As those capacities only provide a snapshot of current
capacities we generate a decommissioning plan for each technology aggregate and and separate per
country. Based on the PLATTS (2015) database in combination with economical and technical
lifetimes and efficiencies we derived technology and country specific decommissioning plans that
also includes efficiency increases. For Germany a block sharp representation based on OPSD
(2016) is used instead of the aggregated approach. For lignite power plants in Germany, the years
of shutdown is anticipated based on estimations by Oei et al. (2015a,b). This development of the
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Figure 4: Investment cost pathway for selected technologies

operational power plant fleet can be seen in Figure 3. When technology aggregates are used, the
decommissioning of old power plants leads to an increase in average efficiency. This is taken into

account in the calculation of the technology aggregates.

Combined heat and power CHP is modeled as a minimum-run constraint on the electricity
generation in dynELMOD. For each power generation technology and country a CHP share is
defined. This share follows a country-specific minimum heat generation curve based on the average
national temperature. For Germany, the power plant blocks with CHP have to follow this curve,
as block sharp data is used. New built generation capacities are excluded from CHP minimum

run constraints.®

Carbon capture, transport, and storage The technology CCTS is often seen as a bridge
technology to allow for fossil electricity generation even under decarbonization targets. While
the technology theoretically exists, no large scale power plant applications have emerged yet,

and near-future adoption of this technology is highly uncertain. Still, we implement CCTS as a

5We assume replacement of run-of-river and pumped storage capacities when their end-of-life is reached.

61f new built fossil capacities would have to follow the CHP minimum run constraint, this would effectively prevent
investments into these capacities in dynELMOD, as the total CO2 emission constraint and the minimum run
constraint would interfere with each other.
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potential technology in the model, but at updated cost estimations from Schroder et al. (2013) as
the technological development departs from the expectations in 2013.

We implement two general types of CCTS technologies: Fossil and biomass fueled generation
capacities. Biomass is assumed to have no inherent emissions, so that capturing and storing
carbon dioxide from biomass leads to negative emissions. For fossil fuels, the majority of carbon
dioxide is assumed to be captured (88%, see Schroder et al., 2013). All captured COs is tracked on
a country basis. According to current legislation that does not permit the transport of pollutants
and anticipation no change in this regard, captured COs emissions must be stored within each
country. Therefore in countries without storage potentials, no construction of CCTS plants is
allowed. Storage potentials shown in Table 3 are based on Oei et al. (2014) to determine how
much COs can be stored. We include only offshore storage capacities in aquifers and depleted gas
fields.

Table 3: CO; storage potential per country

Country Storage Potential [Mt CO2]
Germany 1,200
Denmark 2,500
Spain 3,500
Ireland 1,300
Netherlands 500
Norway 13,800
Poland 3,500
United Kingdom 22,000
Lithuania 1,300

Source: Oei et al. (2014)

4.1.2. Renewables

We include nine renewable technologies (Biomass, Reservoirs, run-of-river power plants (RoR),
Wind onshore, Wind offshore, Solar PV, CSP, Tidal Energy, and Geothermal Energy) in
dynELMOD, which are characterized by their cost, efficiencies, potentials, time and spatial

availabilities.

Wind and solar PV The currently most promising renewables for a continued widespread
adoption in the electricity system are solar PV, wind onshore and wind offshore. We limit the
potential that can be installed in each country to account for spatial scarcity of space, especially
at locations with high availabilities. Furthermore, the potentials are differentiated into three
resource grades, similar to the approach by Nahmmacher et al. (2014). Resource grades are used
to achieve a distinction between sites of different suitability. The resource grades are characterized
by different FLH and thereby represent the varying quality of the potential installation sites for
each country. Figures 5a and 5b show the geographical distribution of FLH for the first resource
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Figure 5: Exemplary full load hours for 2015

grade over the model region. As expected in southern Europe, the solar PV potential is highest,

while for onshore wind the picture is more diverse.

Biomass The installation potential of biomass fueled power plants is not limited, but the
amount of biomass available for electricity generation is restricted due to limits in sustainable
biomass supply. This limits the use of Biomass for conventional as well as usage in a CCTS
plant, without pre-defining the potential of each technology. In 2015, a thermal potential of
470 TWhyy, that is assumed to increase to 1,104 TWhyy, until 2050, which corresponds to an
electricity production of about 400 TWhy,.

Hydro power plants We assume no additional new built capacity for RoR and hydro reservoirs
due to limited potentials and environmental concerns. However, current capacity that comes to
the end of their technical lifetime will be replaced.

For RoR and hydro reservoirs country specific monthly (in-)flows represent seasonal weather
characteristics (ENTSO-E, 2016). In contrast to RoR, hydro reservoirs are implemented using the
storage equation framework. Most reservoirs are characterized by a very high E/P-Ratio, such that
the amount of storage vastly exceeds the installed electrical turbine capacity. Furthermore, most
reservoirs do not have pumping capabilities as the natural inflow is sufficient for reservoir usage.”
The seasonal inflow patterns as well as the total amount of reservoir inflow have been calibrated
using historical data from ENTSO-E (2016). When solving over a reduced time frame the usable

reservoir storage capacity is reduced to adequately represent the yearly reservoir storage usage

7Such reservoirs are implemented in Austria, France, Italy, Norway, Sweden and Switzerland.
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pattern.? This accounts for the fact that the seasons are much shorter when using a reduced time

frame.

4.1.3. Storage

We include chemical and mechanical storages that are differentiated by their installation potential,
round-trip efficiency and cost assumptions. We assume a sharp decline in investment cost for
chemical electricity storage technologies. As the cost for battery storage have recently been often
below literature estimations our assumptions can still be regarded as conservative. Still there
exists great uncertainty and diversity of assumptions between current literature and technology
studies that project cost developments for battery storage. Instead of modeling different battery
technologies explicitly we assume a generic battery technology that represents an aggregate of
assumptions for Lead-Acid, Li-Ion, and Sodium-Sulfur. We base our assumptions on Zerrahn and
Schill (2015a) and Pape et al. (2014).

For existing pumped hydro storages we assume a E/P-Ratio of 8 hours. For reservoirs country-
specific average values are used. In the case of new built battery storages the model is free to invest
in storage as well as loading/release capacity separately, thus can decide upon the E/P-Ratio
endogenously. In the the model input data the investment cost are differentiated between power
€/KW and energy €/KWh to enable this distinction.

In addition to conventional and battery based storage options, power to gas is also implemented
in dynELMOD. Although not an electricity storage technology in the traditional sense, we
adopt the approach by Zerrahn and Schill (2015a). The E/P-Ratio is fixed at 1,000 hours, and
symmetrical gasification and electrification capacities are assumed, which are both included in

the investment cost.

4.1.4. Demand side management

Apart from storages we include three different types of DSM. They are characterized by different
cost assumptions and either one, four or twelve hours of load shifting. Thereby they represent
the different sectors and technologies where DSM potentials can be raised. They all feature a
symmetrical discharge and recharging capacity.

We use DSM potentials by Zerrahn and Schill (2015b) for Germany and reduce them to three
technology categories. For other countries the DSM potential is scaled according to their yearly

load in comparison the yearly load of Germany.

4.2. Demand development and sector coupling

In the upcoming years an increasing coupling between the electricity, heat and transportation
sector is expected (Agora Energiewende, 2015). The adoption of battery-electric vehicles (BEVs)

is likely to increase in the future, and battery prices continue to decrease. At the same time, the

8The maximum storage level is reduced by the factor model-hours,/8,760.
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current heat sector has a high carbon intensity, which also becomes a target for decarbonization.
This decarbonization, in turn, will lead to increasing demand for electricity. As the speed of BEV
adoption and interaction of the electricity and heat sector is unclear, the development of the future
electricity demand is highly uncertain and might increase substantially. The level of demand
also depends on the depth of sector coupling. However, the additional demand for flexibility in
electricity supply might also be met directly by the sectors themselves, as the additional demand
could be flexible and even provide additional value to the electricity sector.

We assume an increase in electricity demand over time based on EC (2016) as well as an increase
in demand flexibility options. Direct demand flexibility is modeled as DSM. As dynELMOD covers
the electricity sector only, additional flexibility resulting from other sectors is not represented
directly. We model the flexibility of the other sectors implicitly using the storage and DSM
equation framework with the help of a custom DSM technology (named DSMLT). This DSM
technology has an asymmetrical release and loading ratio of 24 to 1, where for every hour of
discharge, 24 hours to recharge are required. Thus, a very high discharge capacity is available
which will cause a long but low recharging period. This artificial storage should represent a short
consumption interruption (for example for charging battery vehicles or heat pumps) which in

turn will result in slightly higher consumption in the following 24 hours.

4.3. Grid

The country to country NTC are calculated based on the average values from the monthly or
daily values of available transmission capacity. As the data provided by transparency platform by
ENTSO-E (2016) is not available for all interconnections, additional data based on the NTC Matrix
by ENTSO-E (2013) has been used. When only DC interconnections between countries exist,
the sum of the transmission capacity is used. Cost for transmission expansion are based on ECF
(2010), who assume 1000 €/(MW*km). Here the distances between the countries’ geographical
centers serve as a basis for the cost calculation as we are using only one node per country. To
account for investments in offshore interconnectors the “distance” between relevant countries
is adjusted by hand. Furthermore new transmission capacity is allowed to be built between
neighboring countries where we assume future interconnections or plans for interconnectors exist.
Figure 6 shows the initial NTC values for 2015 in megawatt (MW).

For the PTDF approach additional data is necessary. The underlying high voltage network
topology as depicted in Figure 7 consists of five non-synchronized high-voltage electricity grids
(Continental Europe, Scandinavia, Great Britain, Ireland, and the Baltic countries) with operating
voltages 150 kV, 220 kV, 300 kV, and 380 kV. This data is based on the data documentation by
Egerer et al. (2014). These grids are connected by HVDC cables. The European electricity grid
is originally modeled in a plant-block- and line-sharp data accuracy for all EU-28 countries as
well as Norway, Switzerland and the Balkan countries. As the application in this paper is on a

country-level we use relevant aggregates of the data.
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Figure 6: NTC values in 2015 in megawatt.
Source: Own calculations based on ENTSO-E (2013) and ENTSO-E (2016)

4.4. Time series

To adequately represent variations of demand and renewable in-feed and to determine not only
the need for generation capacity and and grid, but further system flexibility options, time series
spanning 8,760 hours from the year 2013 are used as a basis for the model. As discussed earlier,
not the time-series’ actual value is needed in this application, but rather the spatial and temporal

variation of all input parameters relatively to each other are important.

4.4.1. Demand time series

For electricity demand time series we use data from ENTSO-E (2014) and rescale the time series

such that the average value of each country’s time series is 1 before further processing. For
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Figure 7: European high voltage electricity grid in 2014
Red: 380 kV, Yellow: 300 kV, Green: 220 kV, Violet: HVDC
Source: Egerer et al. (2014)

Albania no demand time series are available. Here, an interpolation based on the time-series of

neighboring countries is used.

4.4.2. Renewables time series

To generate renewable times series we use raw and processed data from various sources. As a
basis we use meteorological data by Dee et al. (2011). We combine those data with Pfenninger
and Staffell (2016), Staffell and Pfenninger (2016), and The Wind Power (2016) for validation.
Run-of-river time series are based on ENTSO-E (2016). For Albania, Bosnia Herzegovina, Estonia,
Montenegro, Serbia and Slovenia only limited data is available for run-of-river time series. Here,

an interpolation based on the time-series of neighboring countries is additionally used.
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Figure 8: CO5 emissions constraints
4.5. Other

4.5.1. CO; pathway

Figure 8 shows the COs emission pathway implemented in the default scenario. It is based on
based on the scenario “Diversified supply technologies” from the European Commission’s Energy
Roadmap 2050 — Impact Assessment and scenario analysis (EC, 2011b). In this scenario and
in the EU ETS more than the electricity sector are represented. As dynELMOD covers only
the electricity sector we are using the COs pathway that uses a limit on yearly CO5 emissions
designated to the electricity sector. While the overall decarbonization target covering all sectors
in the scenarios currently does not include full decarbonization, the electricity sector is almost
in all scenarios subject to full decarbonization. Possibly arising substitution effects can only be
shown within the electricity sector. Additionally implemented COs emission pathways ranging

from full decarbonization in 2040 to only 50% decarbonization in 2050 are also shown in Figure 8.

4.5.2. Fuels

The development of fuel prices is important for the cost relation between gas and coal fired power
plants. Prices for coal, gas and oil and their development until 2050 (Table 4) are based on the
EU Reference Scenario 2016 by EC (2016).
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Table 4: Fuel prices in dynELMOD
in €013 per MWhy, 2015 2020 2025 2030 2035 2040 2045 2050

Uranium 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60
Lignite 4.80 5.21 5.62 6.03 6.44 6.85 7.26 7.67
Hard Coal 4.41 6.62 7.94 8.83 8.83 9.27 10.15 10.59
Natural Gas 18.54 25.60 27.36 28.69 30.01 31.78 33.10 33.10
Oil 23.83 36.63 44.13 4855 50.75 52.96 55.17 56.49
Biomass 8.10 9.00 9.90 10.80 11.70 12.60 13.50 14.40
Waste 8.10 9.00 9.90 10.80 11.70 12.60 13.50 14.40

Source: EC (2016)

5. Time series reduction

As long-term generation capacity investment models can become computationally challenging,
calculations with a large number of hours are not feasible. In the investment determination step
of dynELMOD the model is not solved for the time span of 8,760 hours of a whole year, but a
reduced time-series is used. As we want to represent the characteristics of all time-varying input
parameters, on the one hand the highly multidimensional dataset with temporal as well as spatial
variations need to be represented accordingly. The model hour selection is a key assumption in
such a modeling exercise. A wrong selection of time-series can lead to a distorted model outcome
and a power plant portfolio that either has too much, too little, or a wrong mixture of electricity
generation capacities when the model outcome is tested with a full time-series.

Recently, Poncelet et al. (2014b, 2016) quantified the effect of temporal as well as operational
detail in a long-term planning model. The authors find, that a good temporal representation
should take preference before implementing further operational constraints, when computational

limitations are reached.

5.1. Previous work

In the literature, several time series reduction techniques exist. Most approaches focus on selecting
a representative set of hours or days from given time-series using hierarchical or parametric
clustering methods or approximating time-series characteristics e.g. using a MILP.

Clustering methods such as k-means or hierarchical clustering are often used options to extract
clustered data from a time series. Green et al. (2014) use k-means to extract relevant sets of
demand profiles for the British electricity system. An application to an investment problem with
k-means time slice clustering is shown in Munoz et al. (2016). Nahmmacher et al. (2016) develop
a new time slice selection approach. Temporal and spatial variation of time-series is reduced
using a hierarchical clustering of representative days. The reduced time-series are tested using the
LIMES-EU model (Nahmmacher et al., 2014). The authors show that “Six representative days
are sufficient to obtain model results that are very similar to those obtained with a much higher

temporal resolution” (Nahmmacher et al., 2016, p. 441). Després et al. (2017) analyze the demand
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of electricity storage given high levels of RES in the European electricity system using POLES
(Prospective Outlook on Long-term Energy Systems). The authors also use the hierarchical
clustering algorithm developed by Nahmmacher et al. (2016) with twelve representative days to
capture the variability of the time-series.

Other approaches often involve the use of a MILP, to select hours given an optimization problem,
to minimize the distance between the original and reduced time series. Van der Weijde and Hobbs
(2012) sample 500 hours from 8,760, trying to match the original dataset, by minimizing the
difference between the original time series and the reduced time series with regards to correlations,
the averages as well as standard deviations of all model regions. Poncelet et al. (2015) select
representative days using a MILP that also optimizes criteria based on the original time series.
The authors find that the number of representative days is more important for the model result
robustness, than the hourly resolution of the reduced time series, which is set at a 4-hourly
interval.

De Sisternes and Webster (2013) select a number of weeks based on a given time-series by
minimizing the quadratic difference between full and the reduced net load duration curves. This
approach could also be applied to renewable feed-in time series. Due to limits in implementation,
only five weeks can be selected using this approach.

In Integrated Assessment models the correct representation of variability of wind gains impor-
tance, as usually the hourly representation is highly aggregated and cannot reflect renewable
and load variability (see Pietzcker et al., 2017). Ueckerdt et al. (2015) also use the residual load
duration curve as in their approach. Here, a stylized residual load duration curve is approximated,
which changes form depending on the amount of renewables introduced into the system. The
authors demonstrate the effects using the REMIND-D model.

5.2. Our time series reduction approach

During the development of dynELMOD, the aim of the to-be-applied time frame reduction
method was not only to represent the general characteristics of the full time series but also to
achieve a continuous time series that also captures seasonal variations in a satisfactory manner.
The approach should also preserve seasonal characteristics in the right order within the year. It is
of particular importance to approximate the behavior of hydro reservoirs, where not only hourly
dispatch occurs, but also the yearly cycle of inflows and the filling level plays a role over the
course of a whole charging cycle, which is often an entire year. The amount of inflow in reservoirs
should also be met. Especially since the seasonal variation of hydro inflows and reservoirs needs
to be captured adequately and in the right order, we develop an own time reduction methodology
described in this section.

The aim is to meet as many characteristics of the full time-series in the reduced time-series as

possible while still achieving a manageable model size. This includes the time-series’

e daily variation structure;
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e seasonal structure;
e minimum and maximum values to capture a wide range of possible situations;
e average, or for renewables the estimated full load hours given in the data;

e “smoothness” or hourly rate of change characteristic, as otherwise the need for flexibility

options such as storage and ramping might be under- or overestimated.

For input time-series where only monthly data is available (e.g. aggregated generation amounts
for run-of-river plants), the approach should also be able to treat the time series accordingly, that
no “jumps” at the month’s borders are present in the final time series.

When using a reduced time-series, occasionally occurring periods of low wind and solar in-feed
need to be represented as well in the time series. Especially weather phenomena like simultaneous
low wind in-feed over the whole model region for a longer time need to be accounted for. If not
implemented, an overestimation of the reliability of renewable generation capacities occurs, which
results in an inadequate generation portfolio with provides an infeasible generation pattern in the
full calculation.

The time-series reduction process is done according to the following steps:
1. Hour selection
2. Time series smoothing

3. Time series scaling

1. Hour selection The first step consists of selecting hours that will be processed further.
As a continuous development of the time series is wanted, the ordering of hours will be kept
as is. Selecting an hour selects all occurrences of the multidimensional dataset, e.g. the data of
renewable availability and demand for all regions will be chosen, to keep the relationship within
the data structure intact. From the time series of a full year we select a subset of hours for further
processing. We use a interval, determined by the desired time granularity to reach a continuous
function that captures daily and seasonal variation.

In the standard case we use every 25" hour of the full time series, corresponding to an N of
1, which results in a shortened time series of 351 hours. In the full calculation with 8,760 hours

all hours are selected. The nt®

hourly selection can start at all hours of the day, which gives an
opportunity to test the smoothing procedure with multiple input values. In the standard case we
use the 7*" hour for the start of the selection.

To guarantee a robust model result extreme events have to be taken into account as well.
Investment models using a time reduction technique tend to overestimate the firm capacity of
renewables, and in combination with storage, the model’s investment decision could lead to an
adequate electricity generation portfolio. Therefore we include the hours with the lowest feed-in

of solar and wind into the time set, to better represent periods of low renewable feed in. The
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numbers of hours we include in the time set are dependent on the total calculated hours. In the
standard case (a time set of 351 hours) we additionally include the 24 consecutive hours with the
lowest renewable infeed. If the time set is reduced to 174 hours we only include 12 hours. These
values have been derived using iterative testing on a wide range of scenarios, to neither over- or

underestimate the effect of low renewable availability.

2. Time series smoothing The resulting time series of step 1 is interpolated as a continuous
time series. This reduced time-series’ variations are now much higher than the original time series,
as day-to-day variations are now referred to as hourly variations. The next step smoothes the
shortened time series. Thus artifacts can be removed by smoothing the series using a moving
average function. The width of the moving average windows is specified by hand for each type of
input data and length of the reduced time frame. The goal in trying to determine the window
size is to keep the time-dependent characteristic in place and meeting the time series’ variation
target. In the full dispatch calculation with 8,760 hours no smoothing takes place except for data
that is provided in a monthly resolution to reduce monthly “jumps” in the time series.

3. Time series scaling In step 3, the time series is scaled according to the targets mentioned
above. Equations (38) to (40) describe the optimization problem used in the scaling process. It is
solved as a discontinuous non-linear program (DNLP) using the solver CONOPT.

The objective value obj used in (38) determines the difference between the target and reached
average sum of the time series. The equations (39) and (40) enforce that the scaled time series
reaches the target minimum and maximum values mintarget and maxtarget. For RoR, solar PV
and wind, the time series contains values between zero and one, with the target corresponding to
the anticipated full load hours. Load time series have an average of one, here the minimum and
maximum values determine the maximum upward and downward deviation from the average load.
The term % scales the given time series to values between zero and one. These values
are transformed using the power A to reach the required shape, while keeping the minimum and
maximum values of the time series intact. The Variables B and C' move and scale the time series
to reach the desired minimum and maximum values. As the variables B and C' can be determined
independently from A, a model containing a dummy objective as well as the equations (39) and
(40) is solved first, then the variables B and C are fixed, and the model containing the equations
(38) to (40) is solved.

. A 2
. . stsy — sts™"m
min obj = (target *T — Z max (0, <M) * B+ C)) (38)

teT

; A
ts, — stgMmin
mintarget = mtin max (O, (W> * B+ C’) (39)

sts™mar — gtgmin
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stsmaz _ gtgmin

; A
ts, — stg™in
maztarget =max max (0, (sstss) * B+ C’> (40)

After finishing this step, all relevant time-dependent input parameters can be calculated and

put into the model.

5.3. Time series reduction results

This section shows the result of the time frame scaling process for selected cases and parameter
variations, using German time-series data. First, we show that the approach is able to approximate
the relevant duration curves, then the smoothness of the original and reduced time series is

compared, and the full time series that is used in the model is shown.
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Figure 9: Original and processed load and infeed duration curves

Figure 9 shows German solar PV and Wind onshore duration curves for the original time
series as well as the resulting duration curves after the scaling process for different numbers of
model hours. With a low number of model hours the original duration curve is not adequately
approximated, but the model hours in this application (179 or 351) show good results. When a
very low number of model hours is used the approximation worsens, but works sufficiently well
for using the model with a smaller number of hours for quick tests.

The time series’ sorted gradients are displayed in Figure 10. The original time series rate of
change is overestimated before the smoothing process takes place, after smoothing and scaling a
very good representation for solar PV is achieved. The approximation of the rate of change for
wind also increases substantially, but is still slightly higher than in the original time series. This

slightly overestimates fluctuation of wind in-feed.
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Figure 11: Example time series reduction results

Figure 11 shows example results of the time frame reduction technique for load, onshore and
offshore wind and solar PV from German time series. Here, every 25" hour is used, the first
included hour of the original time series is 7. The FLHs of the renewable time series have not
been changed from the original input time series. In the actual calculations the FLH are adjusted
to the expectations of the technological development in the future. Seasonal variation as well
was the daily profile of solar PV and load are represented well, the onshore and offshore wind

time-series also show seasonal as well as typical daily fluctuations.
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Figure 12: Installed electricity generation and storage capacities in Europe 2015-2050

6. Results

The model results of dynELMOD provide insights into the driving forces for the future development
of the European electricity sector. As the solution space is constrained by and a result of many
factors such as the emission limit, capacity expansion restrictions, time related input factors such
as renewable availability and assumptions about the development of costs for investments and fuels.
The model outcomes analyzed in this section are the electricity generation capacity development,

the resulting hourly generation dispatch, COy emissions, and flows between countries.

6.1. Investment and generation results in the standard scenario

Figure 12 shows the development of the installed capacities from 2015 to 2050 in Europe. The
installed capacities increase substantially from 980 GW in 2015 to 2,870 GW in 2050. At the
same time, the European generation portfolio is transformed from mainly fossil fueled generation
technologies to renewable generation technologies. The switch to renewable generation capacities,
which usually have lower FLH, induces this overall capacity increase. In 2050 we mainly see
870 GW of solar PV and 740 GW wind onshore capacities accompanied by 270 GW of Wind
offshore. No new nuclear, lignite, or hard coal fired capacities are installed which result in a nearly
complete phase-out for those technologies until 2050.° Investments in natural gas fired power

plant capacities take place. Their capacity in 2050 reaches 215 GW. These capacities mainly serve

9Sensitivity analyses show that investments into nuclear capacities are observed at or below overnight costs of
4,000€/kW.
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Figure 13: Electricity generation 2015-2050

as backup capacities with very low yearly usage factors. Just over half (52 %) of these capacities
are located in France, Germany, and the United Kingdom.

Over the years the total investments in generation capacities per year gradually increase from
40 GW per year in 2020 to 120 GW per year in 2050. From 2030 onwards these investments are
primarily in wind and solar PV. The investments into storage increase until 2050, where they
nearly make up a third of the total new investments. This results in a total of 465 GW storage
which includes batteries, power to gas and DSM.

In line with the development of the generation portfolio, the electricity mix changes as shown
in Figure 13. The electricity generation increases from 3,307 TWh in 2015 to 4,018 TWh in 2050.
Despite the fact that in 2015 still two thirds of the electricity generation in Europe is conventional
in 2030, already half of the total electricity generation is renewable. This trend continues until
2050 where more than 95 % of the electricity generation is renewable. In 2030 onshore wind power
replaces gas fueled power plants as the main source of electricity for Europe with a share of more
than one quarter. Until 2050 the share of offshore wind and solar PV reach also one quarter, while
onshore wind stays the biggest producer with more than one third of the electricity production.
While solar PV and offshore wind have similar production volumes, their installed capacity varies
significantly due to their different FLH. Despite the solar PV’s lower FLH, is still competitive
due to its very steep cost per kilowatt (kW) decrease over time.

Figure 14 show the composition of the total COy emissions in the European electricity sector
over time. The amount of available emissions is limited by the COy pathway (see Figure 8).
Emissions decrease from 1,129 Mt COs in 2015 to 18 Mt COs. Electricity from coal is the primary

source of COy emissions until 2030. As the coal phaseout occurs earlier, gas becomes the main
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emitter afterwards. Emissions from hard coal and lignite gradually decline from 2015 onwards

until nearly zero in 2045. In contrast, emissions from gas remain stable until 2040.

200
>
= 150 /
=
Q /
£
s 100
£
~ J0
(@) /
@]

0 T T T T T T 1

2020 2025 2030 2035 2040 2045 2050
Figure 15: CO9 Price development 2015-2050

The development of the implicit CO4 price is shown in Figure 15. It is determined using the
shadow price on the emission constraint in the model, and reflects the marginal savings of relaxing
the constraint by 1t COs, thus giving an indicator about the price of 1t CO5. Conforming with
today’s EU ETS, the price is very low in 2015 and in the first following periods. When the
emission constraint tightens, the price increases substantially, reaching a high of 177€/t in 2050.
As only the electricity sector is included in detail in dynELMOD, interactions with other EU

ETS sectors might lead to different results, when included.
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Figure 16: NTC values in the year 2050 in MW

6.2. Grid

A further source of flexibility in the electricity system can be provided by increasing cross-border
interconnection capacity, which provides a comparatively low-cost solution to decrease the effect of
spatial variability of demand and supply. Given sufficient transmission capacity, regionally distinct
generation portfolios can complement each other, leading to an overall decrease on electricity
system costs. Grid expansions in dynELMOD are represented as an increase in available NTC
capacity (both in the NTC as well as the flow-based approach). The final NTC values of the year
2050 are shown in Figure 16.

We observe a trend for transmission capacity expansion stretching out from the south (with
high solar potentials) and the west (long coast line with high wind potentials) towards central and

eastern Europe. France has an important position for these pathways as it connects the south and
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west to the central east. Accordingly the highest cross-border grid expansion is observed between
France and Spain. Here, the high potential for solar PV as well as wind potential drives the need
for increased interconnection between the Iberian peninsula and the rest of continental Europe.
Analogous the interconnection between the United Kingdom and France (and the Benelux)
is fortified to account for the high onshore and offshore wind potentials in the British Isles.
Furthermore the interconnectors between Germany and Denmark and also Denmark and Sweden
are expanded intensively. This creates a corridor from central FEurope to the dispatchable hydro
and storage potentials of northern Europe. Besides these corridors, the interconnection between
Italy and Greece is strengthened which results in a closed ring in the Mediterranean. To our
surprise, the interconnector between Norway and Germany (which exists as an option for the
model to be built) does not materialize. Also the interconnector between Sweden and Lithuania

is not built.
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Figure 17: Import and export in TWh in the year 2050
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The increased transmission capacities described in the previous paragraph allow for intensified
electricity exchange between countries. Figure 17 depicts the sum of flows on the countries’ borders
in terawatt-hours (TWh). Once more we observe the expected general picture of electricity flowing
from (north) west and south towards central (east) of Europe. This aligns with the transmission
corridors depicted in 16. The countries in (north) west and the south export electricity due to their
relative cost advantage in the production of electricity from wind and solar PV. The countries in
central east import this electricity. Our results show that in comparison to the situation of 2015,
Germany undergoes the largest overall change, as it will turn from an exporter to Europe’s second
largest importer. Although also in Germany substantial investments in renewable electricity
generation capacities take place, dynELMOD suggests imports as a low-cost option. Import and
exports in south east Europe seem balanced. As the demand and generation in this region is

generally lower, small flows can result in substantial import or export shares for single countries.

6.3. Detailed dispatch results for selected countries

We analyze the hourly dispatch results for two consecutive winter and two consecutive summer
weeks of 2050 in this section. The winter weeks are in early February (weeks 5 and 6) and the
summer weeks are in early June (week 25 and 26). These weeks are characterized by low wind
feed-in (in Germany) to show a situation when not necessarily enough conventional and renewable
capacity is available. This is the case especially in winter, when solar radiation is reduced.

In Figure 18 we observe that Germany imports for most of the time in the selected winter
and summer weeks. Exports occur only when there is high wind feed-in. In the summer an
interesting storage charging pattern occurs, where electricitiy is imported while electricity is
stored at the same time. Here, excess electricity from other countries is used to charge the storage
technology power to gas, which is characterized by long seasonal cycles. This allows for more
storage discharging than charging in the winter weeks and vice versa in the summer. Power to
gas is mainly discharging during winter time and charging during summer time. Thus, during
the winter weeks only batteries and DSM contribute to storage demand, to balance out daily
fluctuations, while during the summer weeks storage discharge comes only coming from batteries
and DSM. During the combination of low wind and low solar radiation the German system will
be supported by conventional backup capacities.

Comparing the German dispatch to the dispatch in France (Figure 19) shows that France is
exporting most of the time. Especially in the summer when there is high wind and solar feed-in
up to 50 GW are exported in peak hours. Furthermore, the storage charging and discharging is
much more balanced within the two weeks. Hence we see less usage of seasonal but mainly daily
storage activities.

Large scale weather phenomena are particularly important for the dispatch, as they can affect
wide regions, with simultaneous very low or high availability of renewables. The system needs to
be adequately prepared for either high in-feed (by means of curtailing in-feed) or low in-feed by

means of providing sufficient backup capacity or large enough storage capacities. One example
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Figure 18: Dispatch in Germany in the year 2050
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of a wind front moving between countries can be seen in the winter weeks. When we compare
the wind feed-in in Germany and France we can observe that while the shape seems similar the
timing and peaks of the feed-in is shifted by several hours. The wind front in the beginning of the
first winter week lasts about a day longer in France than in Germany.

In both model runs, during the investment step as well as the dispatch step with 8,760 hours,
the infeasibility variables are not used by the model. The run with 8,760 hours shows that during
the investment phase an adequate electricity system configuration has been obtained.

6.4. Varying the inputs and calculation options

6.4.1. CCTS availability

4.500
- Solar PV
E 4.000 ®m Wind Offshore
= 3.500 [ = ||| | Wind Onshore
£ 3.000 P —
g ®m Hydro
%2500 M .. -.l. #Bi
& # Biomass CCTS
=
é 2.000 - 1 .! I 1 H Biomass
2 1.500 | -
2 ® Waste
*;": 1.000 H Other
= 500 Gas
0 m Hard Coal
® Lignite
® Uranium

No CCTS available CCTS available

Figure 20: Generation depending on CCTS availability

In the results shown previously, the availability of CCTS was restricted, as we intended to do
the calculations with technologies that are available for large scale applications today. Assuming
commercial availability of CCTS, as well as solutions for the issues around storing and transporting
the resulting CO5, we include this technology in dynELMOD as a sensitivity. Thus, we allow
for several technologies with CCTS to be built. This includes Lignite CCTS, Coal CCTS, two
gas-fired CCTS technologies and Biomass CCTS. With availability of these technologies, the
investment decision will vary especially when high GHG mitigation pathways are implemented.

Figure 20 shows the development of electricity generation in Europe with the availability of
CCTS. We see that no additional gas-fired CCTS generation is built. Starting in 2035 when
the emission constraint tightens additional Biomass CCTS and gas-fired electricity generation is

observed, as Biomass CCTS capacities are built, which in turn enable higher generation from gas.

41



Compared to the standard scenario, this reduces the generation of mostly renewable capacities
such as Wind Onshore and Offshore, and Solar PV. As the CCTS capacities are dispatchable
and have a higher average availability than renewables, the need for storage capacities is also
decreased. The total amount of capacities that are fueled by Biomass increases slightly. Biomass
CCTS capacities provide a way to achieve negative emissions, giving the other fossil conventional
capacities some leeway to reduce their output in later time steps. The overall electricity generation

is lower than in the case without CCTS, as storages see less use, and fewer storage losses occur.
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Figure 21: Difference in electricity generation with CCTS available
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Figure 22: Emissions depending on CCTS availability
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In Figure 21 the development of electricity generation with CCTS over time is depicted. Most
of the additional generation is based on biomass, accompanied by increased gas fired generation
in 2045 and 2050. The additional gas-fired generation roughly corresponds to three times the
additional biomass fueled generation, as these lead to an assumed emission reduction.

In the Figure 22 the emissions by fuel are shown. The adoption of biomass fueled CCTS starts
in 2035, and reaches its maximum in 2045. This development enables conventional gas-fired power

plants without CCTS to run while not violating the total yearly emission constraint.

6.4.2. Emission constraint implication

One of the main constraints driving the results is the decarbonization target. A goal of reaching
a nearly emissions free electricity system implies major changes to the underlying electricity
generation portfolio as well as other infrastructure providing flexibility such as storage and grid. In
this subsection a sensitivity analysis tests the effect of altering the decarbonization target to gain
insights what outcomes could arise when decarbonization takes place earlier or is not implemented
until 2050. Starting from 2015, linear CO2 emission pathways have been implemented (see Figure
8), which range from only reaching 50% decarbonization of the electricity sector until 2050 to
zero emission already in 2040.
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Figure 23: Installed capacity 2050 subject to the decarbonization target

Figure 23 shows the installed electricity generation capacities in 2050 depending on which
CO3 emission pathway has been implemented. In the cases where only 50% decarbonization is
reached until 2050, the capacity needed is lower than in the standard case, as a higher amount
of electricity generated comes from fossil fuels (mainly gas, only 78 GW of hard-coal capacities).

Renewable power sources play a significant role even in the 50% decarbonization pathways, as
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Figure 24: NTC values in the year 2050 in MW, calculated with NTC approach

the future cost development leads to widespread implementations regardless of scenario. In the
case of 90% decarbonization, the installed capacities are highest, as here both gas-fired capacities
for the transition years as well as sufficient renewable capacities to reach 90% decarbonization in
2050 are built. With stronger targets for 2050 or earlier decarbonization, the amount of renewable
plants installed in 2050 are similar, but fewer gas-fired plants exist, as these are not needed during

the transition years.

6.4.3. Grid representation approach

In addition to the flow-based cross border grid representation approach, the option exists to using

a simplified grid representation, which implements the cross-border flows as a transport model.

44



Import and Export 2050
Green=Export, Red=Import

I 90 - 67 TWh
. 167-45TWh

Flows
TWh per year

0-3
3-6

45-22 TWh 6-10
22-0TWh 10-20
0-22TWh 20- 31
22 - 45 TWh 21-44

4462

B 45-67 TWh
62 - 81

-67-90}'Wh

14,9, £ 13
”_:‘

Figure 25: Import and export in TWh in the year 2050, calculated with NTC approach

The so-called “NTC approach” has the advantage of substantially faster calculation times as well
as lower data requirements. This section presents the grid expansion results of the NTC approach.

Figure 24 depicts the NTC values of the year 2050. Overall cross-border capacity expansion
is similar to the flow-based approach. As expected, the cross border investments in continental
are more evenly distributed in the flow-based approach, as all cross-border investments also
influence the need for cross-border grid expansion on neighboring borders. This is not the case in
the NTC approach. This can be seen at the Germany-France border, where no expansion takes
place in the NTC approach and the transfer capacity through Switzerland is used, but in the
flow-based approach the same line shows a capacity of 4,500 MW in 2050. The interconnector
between Sweden and Lithuania is built in 2045, but only at a capacity of 100 MW.
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The investment in electricity generation and storage capacities also changes slightly but not
substantially by using the NTC approach. The largest shift between countries occurs also between
Germany and France. Here Solar PV capacities and storage capacities of about 10 GW are shifted
from Germany to France when the NTC approach is used. As the overall change is small, the
shifts in installed capacity are not depicted here. The imports and exports in 2050 resulting from
the new NTC values are shown in Figure 25. The distribution of electricity transfers is also less

evenly distributed when the NTC approach is in place, as implied by the methodology.

6.5. Discussion of limitations

dynELMOD can be used to answer a variety of questions about the future of the European
electricity system. As it is a large scale model of the European electricity system, it has to abstract
from many aspects which could influence the outcome.

One the one hand this is caused by the model formulation itself, which is a LP and thus
neglects any non-linear relationships between parts of the system, on the other hand many other
factors influence the results. The variability of the countries’ regional characteristics is certainly
greater than represented in dynELMOD. E.g. regionally different cost of capital might influence
the results. In addition to the points listed below, the model assumes no stochastic or other

implementations of uncertainty regarding the development of relevant boundary conditions.

NTC and flow-based approach dynELMOD uses a country-sharp representation of the
electricity system. This is due to practical reasons, but neglects the market design in certain parts
of Europe, where one country contains multiple price zones, or price zones span multiple countries.
Between the country zones, line expansion is approximated by increasing the NTC capacity. The
cost for this kind of expansion is mainly dependent on the distance between the country centers
(see Section 4.3). Therefore the true costs of increasing the interconnection capacity might be
over- or underestimated. This is subject to further investigation in the future. Also separating

price zones within countries is a possible extension of dynELMOD.

Time series In the previous sections the importance of temporal and spatial variation of the
time series was highlighted, as the dynamics of the time series contribute largely to the model
outcome. During the time series preparation step, the time series is smoothed. The smoothing of
the reduced time-series leads to a loss of short-term variation between countries. This is expected,
but overall temporal and seasonal characteristics are preserved adequately.

The goals of finding a cost-effective investment in future electricity system is not only driven by
the GHG constraint, but also other aspects should be taken into account. Ensuring an adequate
electricity system that provides sufficient generation or storage capacity while only using a small
subset of all possible temporal variations during the investment determination step requires a
robust time series reduction algorithm. Testing the outcome of the investment step is done in the

dispatch step. This provides a good approximation, that the overall model outcome provides an
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adequate system, but includes only a single year of validation. Here, more extreme events that

exceed the variation of the provided time series might not be represented adequately.

Sector coupling and other boundary conditions As discussed in Section 4.2, dynELMOD
focuses on the development in the electricity sector. The interactions with other sectors is limited,
and reflected by the demand development assumptions as well as flexibility approximations such
as DSM. The future adoption of energy efficiency measures will also substantially affect the future
demand of electricity, and not only change the total amount but also the daily and seasonal
distribution of demand. Especially the interactions between the electricity and heat demands are
currently subject to improvement, as CHP is not taken into account for new built power plants.
Also a more detailed representation of the transportation sector and corresponding BEV use is
anticipated. As dynELMOD is also a partial equilibrium model, input assumptions such as the
prices for coal and natural gas are fixed and do not vary when the electricity sector’s demand

changes.

Availability of generating units In dynELMOD a simple approximation of the availability
of conventional power plants is implemented. Here average availability numbers over the course

of the year are implemented.

Availability of CCTS and negative emissions The availability and possible cost to install
CCTS as well as negative emissions to achieve a carbon-neutral electricity system is still unknown.
We implement simple CCTS technology approximation, and allow biomass CCTS technology as a

sensitivity.

Regional policies While dynELMOD can be used to determine the relationship of several
influencing factors and boundary conditions, the effect of single policies that might drive the
development is hard to measure, as the real-world implications of policy restrictions far exceed
the complexity of such models. Especially as not only centrally administered policies are in
place (such as the EU ETS) but also local policy development on a country level will shape the
development of the future European energy supply. For example, the early adoption of renewable
generation technologies in Germany is driven by the EEG, which in turn contributed to the
current cost development of these technologies. The rate of transformation that can be undergone
in single countries is not part of any constraint and might also be overestimated. Furthermore, by
implementing constraints to reproduce policy measures, the correct functioning of the respective

constraint is assumed.

7. Conclusion

This paper describes the open-source model dynELMOD which determines the cost-minimal

investment in and dispatch of generation and transmission infrastructure in the European electricity
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sector until 2050. The model combines several novel approaches to be able to approximate the
underlying electricity grid infrastructure adequately, and to reduce the time frame of the investment
calculation to keep the model size and computation requirement tractable. It provides a tool set
to determine the effect of several boundary conditions that can be analyzed.

dynELMOD is applied to a dataset of the European electricity system, with assumptions on
the future development of fuel prices, electrical demand, the development of future investment
cost pathways. One of the major constraints is the CO5 emission constraint, which decreases
almost linearly from 2020 to 2050 to reach almost complete decarbonization of the European
electricity sector.

The model results show that no new nuclear, lignite, or hard coal capacities are built, but
renewable energy sources provide the majority of the electricity generation in the future. Electricity
production from nuclear, lignite and coal is phasing out gradually and not longer significant on
a European scale after 2040. Until 2035 electricity production from gas is constant but from
then on steep declining and will only be used as backup capacity in 2050. Due to the lower
FLH of renewables energy sources compared to conventional energy sources this leads to an
increase of installed capacity. Furthermore as renewable energy sources have a lower firm capacity,
storage investments increase when high shares of renewable energy are reached. To balance out
those possible fluctuations the interconnector capacity between countries will be increased. This
allows to profit from the spatially different feed-in characteristics of renewable, especially wind.
Furthermore fortified interconnections allows to transport electricity from locations with the
highest wind speeds or solar radiation and therefore lowest production cost to the load centers of
Europe. The results show mayor electricity flows from the south and the west towards central
(east) Europe. This leads to changes compared to current import and export patterns, especially
for Germany.

Discussion of model insights need to be done while being aware of the limitations that such a
model contains. Therefore it is necessary to allow for full transparency and accessibility to the
model formulation and the input data assumptions. In line with current trends, dynELMOD is
published under an open source license, including the model formulation and all required input
data.

48



A. Nomenclature

Table 5: Sets in dynELMOD

Sets

P Power plant

f Fuel

% Generation technology
c(7) Conventional technology
disp(i) Dispatchable technology
ndisp(i) Non-dispatchable technology
s(7) Storage technology
dsm(3) DSM technology

t,tt Hour

Y Calculation Year

Yy Investment Year

co, cco, ccco

Country

Table 6: Variables in dynELMOD

Variables

cost Objective value: total cost

cost?e" Variable generation cost

cost™ Investment in generation capacity

costP Fixed generation capacity cost

cost!me Line expansion cost

Jeo,it,y Sum of existing and newbuilt electricity generation
g;”:il;q Generation of existing technology

g?j‘fi’“y”;y Generation of new built technology

ggﬁ ity Upward generation

Georirty Downward generation
iz’s;;ap Installed generation capacity

NV New generation capacity

im},féf’{yy New storage capacity

invéf;’;g’cw Grid expansion

Nico,t,y Net input from or to network in country

dcflowco,cco,t,y

flowco,cco,t,y

level
StOT o ity
loading
€o,i,t,y
release

StOTco ity

stor

HVDC flow between countries

Flow between countries in NTC aproach
Storage level

Storage loading

Storage release
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Table 7: Parameters in dynELMOD

Parameters
Avaco,iy Average annual availability [%]
CarbonRatioiZ?f;f"’"w Carbon emission ratio of newbuilt capacities
CarbonRatiop vo’; " Carbon emission ratio of existing capacities
C’arbonRatiozz?ﬁsztmﬁon’"w Carbon sequestration ratio of newbuilt capacities
CarbonRati02?35?27'“t1"" Carbon sequestration ratio of existing capacities
CCTSStorSaractty CO- storage capacity
Cfizeo,iy Fix generation cost [EUR per MW]
Cinvff;r Annuity of storage investment [EUR per MWh]
Clinv, y Annuity of investment [EUR per MW]
Cliney,co,cco Line expansion cost [EUR per (km and MW)]
Cloadco,i,y Load change cost [EUR per MWh]
Cvarfjfﬁgﬁg Variable cost of new built technology [EUR per MWHh]
Cvarco,i,y Variable cost of existing technology [EUR per MWHh]
DF, Discount factor for each year
Emissionlimit, Yearly CO2 emission limit

;?{fggi Thermal efficiency of existing technology [%]

Doty Thermal efficiency of newbuilt technology [%]

co,i,y
maz__installed
co,i,y
max__inv
co,i,y
Gmaz .
p,Co,%Y
GminﬁCHP
P,C0,t,1

max
Genco,f,y

HVDC %,
I floweo, .

NTC between countries

Pocco
PTDFco,cco,ccco
Qco,t,y

i

Ry
ReSAUaezzstzng

co,t,i

newbuilt
ResAvagsy .y

mazlevel
Storagesi,
mazxloading
Storageg,; , z
mazrelease
Storagegsi,
minlevel

Storagegy'i .,

Storage efficiency [%)

Maximum installable capacity [MW]

Maximum investment per time period [MW]
Maximum generation of existing capacities [MW]

Minimum generation induced by CHP constraint [MW]

Availability of fuel f [MWhyp]

Maximum existing HVDC transmission capacity [MW]
Inflow into reservoirs or other storages [MW] NTCeo,cco

Maximum existing AC transmission capacity [MW]
Country-sharp power transfer distribution matrix
Electricity demand [MWh]

Ramping down [% per hour]

Ramping up [% per hour]

Renewable vailability of existing capacities [%]
Renewable vailability of newbuilt capacities [%]
Maximum storage level of existing capacities [MWHh)]

Maximum storage loading of existing capacities [MW]

Maximum storage release of existing capacities [MW]
Minimum storage level of existing capacities [MWHh]
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