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Executive summary

This deliverable outlines the mathematical and functional formulation of the PlaMES tools, which will be used for the inves-
tigations within the project. The overall target of PlaMES, an integrated planning of multi-modal energy system:s, is divided
into six sub problems that can be run in required sequences. Common to all presented models is that they base on a single-
stage expansion planning approach. Despite a focus on the electrical system, various sector-coupled commodities, such as
heat or fuels, can be addressed and thus allow for multi-modal expansion planning.

The tool Central Energy System (CES) allows planning the necessary generation expansion in the centralised energy system.
Thereby, necessary grid expansion in the transmission and distribution grid are considered. Furthermore, CO2 emissions
can be capped as a constraint. The objective function of CES is minimising the overall costs of investments and operation.

Transmission expansion planning (TEP) allows for a detailed expansion planning of the electrical transmission network,
considering the allocation of generation units and their dispatch provided by CES. To reduce investments in poles and wires,
innovative technologies are considered.

The generation expansion planned in the CES can be disaggregated onto building level in Decentral Energy System Disag-
gregation (DESD) to allow a detailed operational planning in Decentral Energy System Operation (DESOP). Since the target
of PlaMES is to plan an energy system in 2050, coordination mechanisms can be considered that allow coordinating the
energy supply assets in Decentral Energy Systems, based on various approaches such as Local Energy Markets.

Adistribution network expansion can be planned within Distributed Network Expansion Planning (DNEP). This expansion
is based on nodal time series in the distribution network which have been determined in (DESOP). A model to calculate
a factor for determining necessary distribution network expansion costs depending on the integration of technologies is
described in Decentral Energy System Aggregation. This cost factor can then be used in CES to consider the distribution
network expansion in planning the central energy system.

*: * This project has received funding from the European Union’s Horizon 2020 6
*xx research and innovation programme under grant agreement No 863922.
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Chapter1

Introduction

The general objective of PlaMES is the development of an integrated planning tool for multi-energy systems on a European
scale considering the expansion of generation and storage technologies as well as related infrastructure in an integrated
manner. Disruptive structural developments are necessary to deliver to the European Union’s COP21 commitments, as de-
fined by the "Clean Energy for All Europeans” package . Specific targets and measures are identified for the energy perfor-
mance in buildings, renewable energy, energy efficiency, governance and the market designs that envisage an increased
cross-border cooperation and mobilisation of public and private investment. Providing European energy system planners
with the means to develop efficient strategies to reach these goals is however associated with significant challenges.

In the following, a mathematical and functional formulation of the PlaMES tools is outlined and developed. Not neglect-
ing the intention of an integrated planning, several tools are developed that cater to the individual needs of planning ap-
proaches in generation, transmission and distribution infrastructure expansion planning. The core of each tool is a mathe-
matical model which is described with its own nomenclature. As opposed to a monolithic model formulation, decomposing
the problem benefits applicability as well as solvability. The decomposition approach follows functionality with different
planning aspects in focus. As a result each tool can be run separately, nevertheless, every tool is needed to get a comprehen-
sive understanding.

To achieve the targets of PlaMES and answer the research questions, the tools have to be runin a certain order, giving inputs
and requiring the outputs of each other. However, each tool can be run on its own when being given a proper input. By
that, each tool can provide its own value for different use cases. Within the use cases that shall be answered in PlaMES, the
PIaMES tools will use a shared data collection and to ensure consistent scenarios. Potential input data have already been
introduced in Deliverable 2.1 "Definition of common scenario framework, data/modelling requirements and use cases".

The PlaMES tools consists of six tools total. A basic overview is illustrated in[Figure 1.1

1. [DESAlderives costs for each decentral network area by performing a distribution grid expansion planning for various
supply tasks depending on the integration of technologies to the respective area. The result of this model can then
be used in central planning.

2. Inafullylinearised approach,[CES|plans the Central Energy System, taking data from DESA and the transmission grid
into account.

3. The result of the[CESlwill then be given to the[TEPl It will focus on a detailed expansion planning approach analysing
different expansion technologies and congestion management interventions.

4. Decentral Energy System Disaggregation undertakes the placing of renewable energy sources and other as-
sets, that have centrally been planned in[CESIfor a Decentral Energy System (DES).

5. The operation of a[DESIcan be performed by[DESOPJand can be enriched by information from[CESI

6. [DNEPlis an optimisation approach to distribution network expansion planning

*: * This project has received funding from the European Union’s Horizon 2020 7
*xx research and innovation programme under grant agreement No 863922.
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Commonto all presented models is that they base on a single-stage expansion planning approach, opposed to a multi-stage
approach over several years. Focusing on the electrical system, various sector-coupled commodities, such as heat or fuels,
can be addressed and thus allow for multi-modal expansion planning.

Transmission Grid Data

1 1 1 PlaMES Tools
General Input Data
DESA DEsD (| DEsop || DNEP | DESSolution |
Synthetic data Real data
4 3

Distribution Grid Data

Figure 1.1: Overview of the tools to be developed in PlaMES and how they interact with each other to obtain multi-modal
planning results.

£ x This project has received funding from the European Union’s Horizon 2020 8
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Chapter 2

Central Energy System Planning

Several approaches to multi-modal system planning exist. In[PTaMES| central planning aims at a detailed single-stage ex-
pansion. Itstandsin the tradition of conventional Generation Expansion Planning problems, with hourly-based linear
Unit Commitment (UQ). The[CESplanning tool aims to mirror various forms of energy, often also referred to as commodi-
ties. This is especially required, when energy can be transitioned from one commodity to another (electrity can be used to
produce hydrogen) or when services can be supplied by several commodities (heat can be supplied by gas, electricity or by
the use of waste heat). This is also known as sector-coupling. Generic approaches describe generation, transmission and
on aggregated level distribution/consumption in multi-energy systems. As a first outcome of this deliverable, we presenta
(pure) linear[TEPlapproach as integral part of the central expansion planning.

Whilst[CESlcan be run standalone, itis designed to incorporate and output data in compatible PlaMES tool formats. Detailed
expansion costs are obtained by the[DESAJtool. Although a simple transmission expansion planning takes place, the linear
implementation in the[CESplanning tool does not supersede the detailed planning approach in the classical TEPlmodel.
Therefore a detailed expansion planning is required. Furthermore, the results of [CES|will disaggregated within[DESOP]to
enable further investigation in distributed planning approaches.

2.1 Problemdefinition

In the following, a generic, single-stage expansion planning model for multi-energy systems is described. It is intended to
be described as pure linear program. The problem definition involves several commodities, systems and targets that are
interlinked in several aspects. This requires the introduction of a concept to describe several systems, mainly achieved by a
set of nodes that connect technologies and areas that can be used to define constraint or target clusters or correspond to an
area represented by a single node. The conceptis intended to be versatile and generically extendable.

Toillustrate why such nodes are needed we illustrate an imaginary power plant, fired with biofuel, also depicted in Fig.[2.1]
It is connected to the electric grid. Residual heat is used for district heating, therefore it is connected to a district heating
nodeﬂ Biofuel supply is restricted to a pre-defined extent in the area the plantis located in. Fuel is supplied by a node that
represents the area. This configuration allows for modelling of transport of fuels in later models. Lastly, the power plant
contributes to reaching emission or renewable quota targets in pre-defined areas. Technologies can be connected to various
nodes for different properties and reasons.

The problem definitionintends to be as genericas possible. Besides suggestions and the distinction whethervariables relate
to power, energy, volume etc., there are no fixed units for variables. Although we currently expect the model to calculate in
hourly time-steps, other temporal resolutions are possibleﬂ Following a similar logic, the implementation is not limited to

1. District heating networks usually do not exceed a pipe length of 50 kilometres, therefore we treat them as local, independent problems.
2. In chaptermost examples should relate to Megawatt (MW) and Megawatt-hour (MWH), if not stated otherwise. Calculating on an hourly basis
has the benefit of simple power to energy calculations (P[MW] - t[h] = E[MWAh]).

*: * This project has received funding from the European Union’s Horizon 2020 9
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Electric system
District heating
Fuel nodes

Fuel area
Renewable targets

Emission constraints

Figure 2.1: Different sets of nodes and layers to depict how decision variables might be linked to various nodes, layers, areas.

fuels introduced in the definition; fuels can be added in a later approach, just as additional emission, pollution or target
constraints.

The notation will be based on an Active sign conventiorﬁ A mixed used of Active and Passive sign conventions will be avoided
to prevent signing mistakes and ensure fast checks on the conservation of energy. Hence, a producing component will have
positive values (x;; = 0), a passive component will have a negative value (x;;, Dj; < 0). Variables will be given as lower case
letters (x;;), constants as upper case letters (D;;). Deviations will be pointed out.

Set  Elementofset Totalelements Description

N j n Set of electric nodes

E e m Set of electric edges (transmission lines)
T - 0 Set of time slots

DH k da Set of thermal nodes

F - f Set of fuel node sets

p C a Set of emission nodes

Table 2.1: Sets used within the[CESImodel.

Subset Elementinset Description

M(j) jeEN technologies available at electric node j

Ecuna Ecana < E Set of transmission candidate lines

B(g) gcE Contains pair of nodes connected by e

W (k) ke DH Set of technologies available at the district heating node k
P(c) ceP a set of technologies with emissions at emission node ¢
G(qg) qgeG Set of technologies connected to a fuel entry/exit point g

Table 2.2: Subsets used within the[CESImodel.

3. With an Active sign convention, opposed to a Passive sign convention, producing variables will have a positive sign, consuming variables will
have a negative sign. More can be found here: https://en.wikipedia.org/wiki/Passive_sign_convention

£ x This project has received funding from the European Union’s Horizon 2020 10
*xx research and innovation programme under grant agreement No 863922.
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Variable Description

Xit amount of electric power generated / withdrawn by technology i during time slot ¢
Zjt power injection in the grid through node j during time slot ¢

Vi maximum power generated by technology i (installed capacity)

Luw linear decision variable for transmission corridor expansion between electrical nodes u and w
Vuw,t virtual injection variable (needed for transmission corridor expansion)

yOP Power flow direction (binary variable)

s]Tt curtailed power at node j during time slot ¢ (due to oversupply / congestion)

s;.“t power deficit slack at node j during time slot ¢

spill;;  spillvariable of storages i to counter problems in hydro storage models at time
g,f}ﬂ]EL amountof FUEL = {CH4; H2;...} produced or consumed at fuel node g € F

qir amount of thermal energy provided by technology i during time slot ¢

ceTt transsmission cost variable (absolute value)

ool virtual power injection cost variable (absolute variable)

eui total emissions related to technology i

Table 2.3: Variables used within the[CES model

2.2 Structure of the optimisation problem

The minimisation function is described as follows. Used sets, subsets, variables and parameters can be taken from (in order)

Tables[2.1][2.2]2.3]and[2.4]

min Cprop + Crran + CinsT + Cspack + Cgas

CrroD=Y., ). Y. C,-pxit

t€T jeN ieM(j)

c
Cinst= ). Y. Ciyi
JEN ieM(j)

Crran=)_ . Cgﬁ > C;/tpl

teT eeE teT leL

+ ot -
CSLACK:Z ZC]- sjt+Cj sjt
teT jeN

G(f)
Cgas =; ) ZtcngL~gf§’EL
q

Any technology i has a power output x;, that’s limited by its installed capacity y;.

0<sxir=yi (2.1

With installation and operation, y; and x;;, emissions (CO2 equivalent) might be related. Emissions are described as:

The total emissions are capped by a constant

ei=Eg/-yl'+ZElj~C~x,’t (2.2)
teT
) e; < EMISSION;ota1 (2.3)
i
This project has received funding from the European Union’s Horizon 2020 1
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Parameter Description

ymax maximal installed capacity

Dj; electricdemand to be supplied at node j in time slot ¢

Hy, thermal demand to be supplied at node k in time slot ¢

ni efficiency parameter for technology i

Cl.c installation cost per unit of capacity of technology i

CIP unit production cost of technology i

ct unit transmission cost per edge e

C]JF cost of positive power slack at node j

C]T costs of negative power slack at node j

cVrl cost parameter for virtual power injection

Ely emission coefficient related to the installation of a technology

EY emission coefficient related to the operation of a technology

EIZ{]’;L emission (reduction) coefficient related to the import or production of fuel
Cfé’EL cost of importing a certain FUEL = {C H4; H2;...} at time t, connected to fuel node g € F
F, maximum power transmission on line e

PTDF,; coefficient representing the load on edge e per power unit from node j
FEEDIN;; normalized feed-in of technology i at time ¢

CAP; Capacity of storage i in relation to its power output

CAP;, Initial capacity of storage in relation to its power output

Cp,i backpressure coefficient

Cyi loss of electricity generation per unit of heat generated

INFLOW;; (natural) energy inflow to storages

COPi,t Coefficient Of Performance, heat conversion efficiency of heat pumps
SOLARMAX;, Valuetorepresent maximal area for solar application (photovoltaic, solarthermal)
LOSSES;; Thermal losses

W{”?x Maximal storage energy capacity

wnn Minimal storage energy capacity

Wi Storage energy contained at time step O

Table 2.4: Parameters used within the[CESImodel.

The powerslack could theoretically be infinite, but should be constrained by the demand at the given node, as no more slack
is necessary.

0<s;,=-Dj (2.4)

Power feed-in must be curtail-able at any node. Most technologies have distinct decision variables for power feed-in, but
especially renewable feed-in only has one expansion variable with normalized feed-in.

Nodal injection is described by the former values.

S;t <0 (2.5
s]Tt—Zyi -FEEDIN;; <0 VYteT,ieM(j) (2.6)
1
th: Z xl't+D]‘t+S}—t+S]Tt (27)
ieM(j)
This project has received funding from the European Union’s Horizon 2020 12
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2.3 Power Transfer Distribution Factors

To model the electric transmission grid, a Power Transfer Distribution Factor (PTDE) approach is used. Itis a linearization of
an Alternating Current (AC) power flow, converting it into a Direct Current power flow, a good and proven approxima-
tion of the original problem. The[PTDHmatrix describes the linear relationship between nodal injections and power flow
through transmission lines. Its size is E x N (Edges x Nodes). Each row represents a power line, each column represents
injection ata node. The value units are "per unit” (p.u.) and refer to1 MW of electrical power, but could be chosen otherwise.
The process of obtaining alPTDHmatrix is neglected at this point and will be given externaIIyAn exemplary[PTDFis shown

in[Figure 2.2

027 —0.45 0 —0.18 —0.09]
073 045 0 0.18 0.09
027 055 0 —0.18 —0.09
PIDE=1_418 —036 0 -055 —0.27
—-0.09 -0.18 0 -027 —0.64
[ 009 018 0 027 -0.36

Figure 2.2: Exemplary PTDF matrix

There is a constraint for every power line and time step, constraining nodal injection to a thermal line capacity F,.
[tion 2.8Jallows to obtain the absolute flow on a power line f;. The absolute values are used to calculate transport cost. This
resembles potential losses through ohmic resistance, secondly it incentivizes to solve problems as close to its occurence as
economically reasonable.

Y zjPTDF,j= for Vet (2.8)
JEN

fer<Fe Vet (2.9)

—fer<F. Vet (2.10)

for-Cl<cl, 2.11)

—fer-Cq <cgr 2.12)

The sum of nodal injections must fulfill the system balance requirement:

Y zj1=0 teT (2.13)
JEN

An exemplary calculation with the values o isshowcased in Fora conceptual understanding, it'simpor-
tant that voltage angles are part of the equations behind the PTDF. A reference angle is needed and therefore a reference

node must be defined to determine the voltage angles of the other nodes. The reference node will be nulled in the PTDF
equation. Injecting power at this node will not have an immediate effect on other power lines. In accordance with
injected power will also be withdrawn at another node, therefore injecting energy at the reference node will have
an effect on the system, anyway.

4. The[PTDHmatrix is based on the assumption that there is no ohmic resistance R[Q]. More precisely, resistance is neglected, because R << X,
X[Q] being the electric reactance. As a result, power flow depends on electrical reactance only, which determines the corresponding voltage angles
atboth ends of a power line, respectively 6y and § . The calculations can be linearized, as the difference between voltage angles isn't very large and
can therefore be simplified tosin(6y —6g) =6y — 6 and cos(Oy —F) = 1.

5. Kenneth Van den Bergh, Erik Delarue, and William D’haeseleer, DC power flow in unit commitment models, University of Leuven - Energy Institute,
Leuven, May 2014, accessed May 26,2020, https://www.mech.kuleuven.be/en/tme/research/energy_environment/Pdf/wpen2014-
12.pdf|

£ x This project has received funding from the European Union’s Horizon 2020 13
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edge | -capacity sum +capacity node1 node 2 node3 node 4 node 5
+90MW  (+<1I0MW) (OMW) (-50MW)  (-50MW)
(1,2) | -100MW | 33.3MW | +100MW 243 -4.5 0 9 4.5
(1,3) | -200MW | 56.7MW | +200MW 65.7 4.5 0 -9 -4.5
(2,4) | -300MW | 43.3MW | +300MW 243 55 0 9 4.5
(3.4) -80MVW | -5.8MW +80MW -16.2 -3.6 0 27.5 -13.5
(3,5) -90MVW | 35.6MW +90MW -8.1 -1.8 0 13.5 32
(4,5) | -600MW | 14.4MW | +600MW 8.1 1.8 0 -13.5 18

Table 2.5: Using the PTDF for an example. Multiplied with the nodal feed-in/withdrawal, values do not represent p.u. any-
more, but MW.

2.4 Grid expansion

[CESIplanning incorporates a fully linearised approach for transmission network expansion or, more precisely, line capacity
expansion. This is achieved by manipulating the[PTDHequations through virtual power injectionE]but using relaxed binary
variables. The[PTDHis calculated with all candidates built. If two power lines were expandable, the PTDF would be enhanced
by two more rows. The number of nodes remains the same as before.

Every candidate line can be supplemented through Virtual Power Injection (VPI). Candidate lines have two power virtual
generators, depicted as double lines in[Figure 2.3 A candidate line e is connected to two nodes u and w, hence the virtual
generators attached to each end of the line are described as vyu,r = v, , = —v,,,, Virtual generators manipulate the
flowon a line. Ifa line should be built, virtual generators are idle. If a line should not be built, virtual generators inject (and
Withdra power in such a way, that the flow equation of the candidate line equals zero, which is equivalent to the line not

being built. Such virtual generators must be added to the existing PTDF equations introduced in[Equation 2.8]

Y 2jtPTDF,j+) (PTDFgy—PTDF¢ ) Vyw,:=fer U wEeB(g), g€ Ecana Ve t; (2.14)
JjEN g

Whether a candidate line is built between 1 and w is dependent on decision variable 1,,,. If lines are fully built (1, = 1),
their virtual generators are inoperable. Built, virtual generators only allow for the expanded capacity to be transferred over
the particularline.

0<luw=1 (2.15)

Fuw(yw-1) < Vuw,tSFuw(l_luw) (2.16)

Vuw,t — ( Z z2jtPTDFe, ; ""Z(PTDFe,o —=PTDFep)vop,t) < luw-Fuw 0,p€B(g),8€ Ecana (2.17)
JEN g

~Vuw,i+ (), 2jtPTDFej+} (PTDFeo~PTDFp)Vop,) < ~luw* Fuw 0,p€B(§),8 € Ecand (218)
jeN g

Because the described approach is a pure linearimplementation of a binary problem, virtual generators have more degrees
of freedom, especially when a line is built only half (I,,;, = 0.5). To incentivise the correct behaviour of virtual generators
(minimal usage), its operation has a certain cost.

6. Mohsen Rahmani, Gabriela Hug, and Amin Kargarian, “Comprehensive power transfer distribution factor model for large-scale transmission
expansion planning,” IET Ceneration, Transmission & Distribution 10, no. 12 (2016): 2981-2989, 1SSN: 1751-8687, doi{10 . 1049/iet-gtd .2015.1573,

7. Itisimportant to note that because v}, , = —v the energy balance remains the same.

uw,t’
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Vuw,e C' P < e b, (2.19)
~Vuw,e C"P = ey bl (2.20)

Figure 2.3: Exemplary grid. Double lines indicate expansion candidates. Virtual power injection is described by the sug-
gested virtual power injectors.

2.5 Expansion of electrical technologies

In the following, the construction of the mathematical formulation assumes that system components will be newly built.
The straightforward implementation is explained in this section. Existing power plants are a part in the modelling process,
too, but only require setting expansion variables to constant.

2.5.1 Renewables: wind turbines and/or photovoltaic systems

Feed-in fromwind turbines and photovoltaic systems depends on external conditions, like wind or solar radiation. The feed-
in can therefore not be steered, only capped when oversupply occurs. Upfront a normalized feed-in profile is created. For
each technology atevery node thereisa 0 < FEEDIN;; < 1 that describes the feed-in of the technology per power unit y;.
There is no cost and emissions associated, therefore Cf =0and E; = 0. It can be expected that the emissions of a power
plant are positive (Eg’ >0).

xir= FEEDIN;;-y; teT,ie M(j),jeN 2.21)

yisY™* ieM(j),jeN (2.22)

2.5.2 Energy conversion: Thermal power plants, fuel cells

Electrical feed-in from power plants is described by x;,. In most cases, fuel consumption is described by the energy conver-
sion efficiency to electrical energy ;.

git=Y xuln; (2.23)
i€G(q)

The emission and cost related to installation (Eg’, Cl.c) especially depend on the chosen technology. Emissions and cost
related to operation (E7, Cf) depend on the related fuel and efficiency parameters. The fuel cost might either be directly
attributed to the power plant or to the import of the fuel (described in section[2.6). Additional operational cost may also be
added to Cf, Emissions directly depend on the fuel, but can be adjusted in case certain technologies are used. For example,
if a power plant with Carbon Capture Storage could be added, E; and efficiency n7; would be decreased while the
effort for installation would increase cost and installation emissions, Ely and Cl.C, likewise.
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Future technologies will be flexible in operation, but some power plants might still be constrained by a ramping constraint
0 < RAMP; < 1, describing possible ramps dependent on the total installed capacity. Linear approximations for startup
cost are out of scope, but can be added when required.

—yi-RAMP; < xjy— Xjt-1) < Yi- RAMP; (2.24)

Existing power plants can be modelled just as y; = P/*®* = const. and Cl.C = 0. Dismantling of power plants can be ap-
proximated by settingitupas 0 < y; < P/"** and cl.C reflecting the yearly fixed costs of the power plant, assumably lower
than the installation cost of new plants. If the needed operation of the power plant is too costly, the power plantis not built,
ergo dismantled.

Power plants can also supply heat. Related modelling is described in section[2.7.3]

2.5.3 Electrical Storage

Storage must be described by two variables, x7, for chargingand xl?it for discharging. In a simplified approach it’s also pos-
sible to describe storage with just one variable, but only at the assumption of 100% efficiency. Efficiencies are defined as
0< 17? <1and0<n; < 1. Storages have a maximal power output, defined as known:

O0<xj,<y; teT (2.25)

0=x% =~y teT (2.26)

Storages have a total energy capacity, related to, and within the modelling predetermined by, its power output that again

depends on y; (Equation 2.27). Storage limit is at zero, but can be capped higher if applicable (Equation 2.28). Storage
balance must be fulfilled for every time step (Equation 2.29).

W/ = CAP; - y; (2.27)
wmin > g (2.28)
. T
W< W0+ Y (—xdin? —x6nS) < W vreT (2.29)
t=1

W; o equals the amount of energy that is in the battery at the beginning of the optimisation problem with 0 < CAP;y < 1.
The energy balance must be maintained. If W; o > 0 an additional constraint is required for the last hour of simulation.

Wio=CAPjy-y; (2.30)

0
0< Z(—x?t/n? -x{n), 0€T (2.31)
t

Emissions are not related to the use of storages, but to installation (E; =0, Ely > 0). Typically there is no cost related to the
operation of batteries, although a small fee might be added to enable the estimation of opportunity costs. Attribution of
cost and emissions must be made, but can be adjusted to the modellers need.

In the particular case of hydro storages, some properties must be modelled in addition. At first, inflow can be modelled by
adding a hydro inflow time-series INFLOW;; = 0. As there is a very strict relation between the size and potential inflow of
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a power plant, we do not recommend to use inflow in expansion problems. To avoid problems due to excess inflow, a spill
variable spill;; = 0 is introduced. Maximal storage and power capacity can be chosen as required.

. T
Wit < Wi o+ Y (=x%in? - x¢m6 = spilly; + INFLOW;,) < W Y1 e T (2.32)
=1

2.6 Modelling of gas-related aspects

Asan essential part of the energy system, gas infrastructure must be part of the optimisation problem. Fora firstapproach, it
isassumed thatthere will be no fatal congestion as well as sufficient gas storage. As a result, gas can be fed into the grid from
any location without restrictions. Gases can either be imported or produced locally. There are different types of gases, such
as natural gas (methane, CH4) or hydrogen (H2). Lastly, gases can be produced in different ways, conventionally through
extraction, chemical processes, or from electrical energy and other forms of conversion. In the following it is assumed that
gaseous infrastructure is operated separately. It is unlikely to expect a mixed gaseous infrastructure in the future, except
fora special case, when hydrogen plants feed into the natural gas grid. The given example includes constraints for nantural
gas (CH4) and hydrogen (H2), but could be extended to various forms of gases. Without further comments, efficiencies are
related to the lower heating value.

There is a total import capacity for conventional gases, as well as gases from renewable sources, per year. Import capacities
might be constrained generally. Lastly, the import source might vary or different sources are available (varying in cost or
general configuration).

. Conventional import restriction: C H4'¢striction prarestriction
blue,import blue,import

restriction restriction

- Import restriction for renewable gases: CH4greenyl.mp0”, green.import

restriction restriction

- Total import restriction: CH4t0ml’l.mp0rt, total,import

restriction,regionXYZ

- Total import restriction per region: CH4mml,l.mp0”

Gases can be produced in the area studied as well, either in conventional or renewable way:

restriction restriction
CH4blue,domestic and szlue,domestic'

. CH4'estriction a4 prorestriction
green,domestic green,domestic

Every power plantthateither produces or consumes some sort of gas, will be linked in the model to the certain gas consump-
tion. The gas consumption and production can be further divided in spatial or temporal sections (although spatial affiliation
is represented by fuel nodes). Inthe following this will be outlined for natural gas (notentirely accurately indicated by C H4),
but can be adapted for any other gas as well.

T
Y Y xilni< g™ VreTieG(g),qe Fxirz0 (2.33)
t i

T
Y'Y —xieniz gl M VreTieGlg),qe Fxir<0 (2.34)
t i

Gas consumption is constrained by the potential import per time and region and local production.

H4
grc,oanCH4 < gﬁrquC +g£;ueCH4 +gTCf;eenCH4 VreT,geF (2.35)
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With gBlueCHA gnd gGreenCHA peing constrained by their import capacities. Various constraints can be implemented, this
isonly an example.

gfgueCH4 < CHA4lestriction VteT,geF (2.36)

blue,import,t,q

gTGZeenCH4 < C H4Testriction VieT,geF (2.37)

green,import,T,q

Gas can be imported ata certain cost. The base cost for conventional gas are already reflected in the operational cost of oper-
ated power plants. The cost forimporting gas adds up the cost of transport or the price difference between conventional gas
and the gas with different features ("green" gas), such as Cfé“eH‘* or CS;”"CH‘l. The cost Cg 4 is part of the minimisation
function.

BlueCH4 BlueCH4 GreenCH4 _GreenCH4
CGAS—ZZC +Cyyg “81q +.. (2.38)

Importing "green" gas has the benefit of reducing emissions in the corresponding area.

F(q)
Yei+ ) Z eenCH4Eg;;;n < EMISSION, ;a1 (2.39)
i q t

To not allow for excessive emission reduction through gas imports, another constraints is needed:

gTG;eenCH4 < ggoqnsCH4 (2.40)

Within the modelling approach it is necessary to keep the formulation as open as possible. Within the current
formulation for gas could be enhanced by an additional gas network modelling. First of all, this is out of scope, but could be
added at another time and also with respect to the solving time of the current model.

2.6.1 Energy conversion: Power-to-gas

Power-to-gas plants are the counterpart to Gas-to-power plants, converting electrical energy to a desired fuel.

Xi1 <0 (2.41)

-yi<0 (2.42)

—Xitr—Yi <0 (2.43)
glPtowerZHZ — Xt nliLIZ (2.44)

In case of fuel conversion (e.g. hydrogen-to-methane), another gas mustalso be consumed with conversion ef‘ﬁciencyn‘lf‘*B.

In the particular example, carbon-dioxide is part of the reaction and might therefore equally reduce emissions at a certain
conversion rate E; > 0.

g8 =—xi b (2.45)
gl = xi =B (2.46)

If hydrogen is injected into a natural gas grid, additional measures must be applied. First of all, current natural gas infras-
tructure only allows for hydrogen feed-in to a certain extent, therefore feed-in must be capped at H2M AX. The intended
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modelling approach does not allow for a mixed use per se. For this reason, a distinction is made between power-to-gas
plants that feed into hydrogen grids and those that feed into natural gas grids. Heating values, efficiencies, etc. must be
adjusted to ensure physical correctness, when a mixed infrastructure is used.

—xjen PO < aMAX VieT (2.47)

2.7 Modelling of heating and cooling related aspects

Animportant part in multi-modal modelling is the use of distributed / district heating and cooling. As the name suggests,
district heating is restricted to local delivery, typically not exceeding more than 50km of pipe length or typical boundaries
of a city. Therefore thermal supply will be handled as local phenomenon. District heating problems will be integrated into
the tool by all means. Different temperature levels and heating problems down to house level will be addressed in more
aggregated approaches.

Several technologies play a role in thermal delivery. Power plants, heat pumps, heating rods, solar-thermal panels, boilers
and thermal storage can take part in heat delivery, using several commodities in electrical or gaseous form.

Heat problems are described by their own delivery problem. Heat demand is described by thermal Megwatthour MWth per
time step and node k. Heating demand is described by the constant demand Hy ; < 0. Parallel to the electrical problem,
the sum of heating injections must be zero:

Hi +) qi=0 VieT ke DH (2.48)
k

2.71 Heat pumps, heatrods

Heat pumps consume electricity to output heat at a certain ratio depending on the outside temperature, the coefficient of
performance (COP; ; = const.). A heat pump is connected to the electrical grid at any node n and to the heating grid at
any node m. Neitheradditional cost nor emissions are related to the operation of heat pumps, but emissions. Heat rods can
be modelled just as heat pumps, but with a COP; ; typically lower than for heat pumps. As heat pumps/rods only convert
energy, costs and emissions are associated to their installation only.

O<xi;<y; VYteT,ie W(k),keDH (2.49)

gkt =—Xxi;-COPi,t VteT,ieW(k),ke DH (2.50)

2.7.2 Gasboiler

Gas boilers do not connect to the electric grid (with significant consumption), but consume gas (efficiency n73,) and must be
counted in the emissions balance.

it = Xir-MNi (2.51)

2.7.3 Power plants

A distinction must be made between three different technologies of heat-delivering power plants: backpressure turbines,
extraction condensing turbines and the more general use of waste heat in turbines/motors. While the fuel consumption
in backpressure and gas turbines can be steered by the electrical output, extraction condensing turbines have two decision
variables that influence the electrical output.
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The heat output of backpressure turbines is linked directly to the electrical output, given by the backpressure coefficient
per power plant i, Cy, ;. Backpressure and gas turbines’s fuel consumption is calculated as inm

Chi qir—xir=0VteT (2.52)

The heat output of gas turbines is only restricted by the electrical output.

Cvi qit—Xir<0VteT (2.53)

Meanwhile, condensing extraction turbines can operate their steam output independently, limited by the loss of electricity
generation per unitof heat generated at fixed fuel input, C,, ;. Therefore fuel consumption is calculated differently. The heat
output is furthermore limited by y; and Cy, ;.

Xit <Yi—Cyi-qis (2.54)
fuel; ;= (xit+Cyi-qi)In; (2.55)
Cpi-qit—Xitr <0 (2.56)

it < Yi—Xir- Cuji

5 ] =
qit- Cp,i = Xit Git- Cp,i < Xit Git- Cpi < Xit
&
qit qit qit
(a) Backpressure turbine (b) Gas turbine (c) Extraction condensing turbine

Figure 2.4: Showcasing three different types of heat extraction in (thermal) power plants. Heat output g;; is restricted by
git, Xir = 0 and technology-dependent constraints.

2.7.4 Solarthermal application

Solarthermal panelscanalso be used to deliver heatto the system. Varioustechnology applications are available. Eventually,
such panels compete with photovoltaic panels and may therefore be restricted in an area altogether.

gt =y FEEDIN;teT,ie W(k),ke DH (2.57)

yi+y < SOLARMAX;, Vi€ M(j),jeN,ue W(k),ke DH (2.58)

2.7.5 Thermalstorage

Thermalstorages are modelled like electrical storage, as described in section|2.5.3] Modelling might divide into daily, weekly
and seasonal storage and different available technologies for such applications. Compared to batteries, losses mainly occur
over the duration of storage. As for electrical storages, the behaviour of losses is technology-dependent and non-linear, but
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linearising losses comes with a greater error. It is up to modellers whether losses are modelled by adjusting the efficiencies
17?, adding constant LOSSES;; or using a combined approach.

) T
W™ < Wio+ Y (—qtin? — g¢né — LOSSES;;) < W™ VreT,ie W(k), ke DH (2.59)
t=1

2.7.6 Different temperature levels

The above described technologies are common in district heating grids, that operate at certain temperature levels. Thermal
energy can also be supplied at different temperature levels. Much higher temperatures are needed in industrial processes;
lower temperatures for cooling networks.

Not all formerly mentioned technologies can be applied on higher temperature levels. Efficiencies depend on the operated
temperature levels and must be adjusted accordingly. Feeding different temperature levels at the same time is technically
possible, but requires extrastepsin the modelling approach. Pertemperature level an additional district heating node must
be declared.

There are two approaches to district cooling:
1. delivering chilled water
2. using the district heating infrastructure with absorption chillers

While the first requires its district heating node k € D H with separate technologies, absorption chillers can be added to
existing district heating infrastructure and therefore just add to thermal energy demand with their respectice coefficient of
performance:

qit=—-COP;;-x;; VieW(k),ke DH (2.60)

2.8 Transportand Mobility

Several approaches to modelling transport and/or mobility exist. To choose one, the scope of modelling must be clear and
necessary data must be available. Focusing on individual mobility and electric vehicles, three options come into play in
[PIaMES| Technologies besides electric vehicles also add additional demand to either gas, hydrogen or whatever the drive
technology is.

1. The simplest approach are fixed charging profiles, simply adding electrical demand to any node.

2. AsElectricVehicle (EY)s have their own battery, charging can be shifted in time. Asecond approach is therefore smart
charging. This already requires aggregated information about vehicles transport tasks and assumptions about avail-
able battery capacities.

3. With bidirectional batteries, [EVs can not only charge but also discharge to support the grid and charge at a later
pointin time.

While the first option is very simple, approach 2 and 3 require modelling[EVk as aggregated batteries that allow only charg-
ing or even discharging. The aggregated battery storage has a time-dependent storage capacity, comprising of the aggre-
gated minimal and maximal capacity of vehicles connected to the grid.

. EVatGRID .
ERTt =y W' VieM(j),teT (2.61)
m
EVatGRID
EP*™ =% WY VYieM(j),teT (2.62)
m
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Inadditiontoan INFLOW (analogousto hydroinflowinsection|2.5.3) - cars that plug their left charge into a charging station
atatime t- cars that leave the charging station create an OUTFLOW. Detailed prior simulations are necessary to obtain
such data, and can be assumed as constant. In the second approach, xflt can be constrained to zero.

CHARGE;, = INFLOW,**"™"¢ — oUTFLOW."'8°™"8 (2.63)
) T
Wi < 3 (—x&/m? - x¢ 06+ CHARGE;;) < WM V71eT (2.64)
t=1

Modelling transport tasks more widely, technologies could be chosenamongaset of, e.g., methane, hydrogen, conventional
fuels and battery powered vehicles. Being the outcome of personal choices and even hybrid vehicles, this form of consump-
tion optimisation is not considered good practice. It is therefore recommended to estimate the penetration of (battery)
electric vehicles to study their systemic impact. More sophisticated approaches will be postponed within[PlaMES|
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Chapter3

Transmission Expansion Planning

The Transmission Expansion Planning (TEP) aims atidentifying cost-efficient expansion and congestion management mea-
sures to ensure the system security and reliability of future electrical transmission grids. Hence, overall system costs includ-
ing investment costs (Capital Expenditures (CAPEX)) and operational costs (Operational Expenditures (OPEX)) are min-
imised. The identification of suitable measures is based on a starting topology including regarded expansion and reinforce-
ment measures as well as on results provided by[CESlas the allocation of load and generation units as well as corresponding
time series and asset-specific parameters (for example installed capacity or marginal cost terms).

Compared to the network expansion planning included into[CES] TEPprovides a more detailed expansion planning. While
a new line can even be fractionally constructed within[CES] the investment decision in the[TEPIformulation is a binary one.
Hence, new assets can only be constructed completely. Furthermore, the expansion portfolio is significantly extended by
including different options for resolving overloaded lines such as constructing new lines, upgrading as well as reinforcing
existing ones and installing power flow controlling devices. Additionally, the grid operation is optimised to reduce invest-
ment and operational costs. Therefore, the operation of power flow controlling devices and redispatching of power plants
as well as curtailing of renewable energies are investigated.

The[TEPImodel is formulated as a Mixed Integer Linear Programming (MILP) problem and explained by presenting the tem-
poral and technological scope, the objective function as well as corresponding restrictions distinguished into those affecting
the construction of new assets (investment problem) and those limiting the grid operation (operation problem). The[TEP]
approach is based on several approaches dealing with the expansion, reinforcement and optimisation of electrical trans-
mission grids

3.1 Nomenclature

The mathematical formulation is presented using several sets, parameters, variables and indices being defined in the fol-
lowing.

1. Marco Franken et al., “Transmission Expansion Planning via Power Flow Controlling Technologies,” IET Generation, Transmission & Distribution,
2020, 1SSN: 17518687, d0i{10.1049/iet-gtd.2019.1897; Marco Franken et al., “Co-Optimization of Multi-Stage Transmission Expansion Planning
and Grid Operation,” in 21st Power Systems Computation Conference (PSCC), accepted for publication (2020); Marco Franken, Alexander B. Schrief, and Albert
Moser, “Planung elektrischer Ubertragungsnetze unter Beriicksichtigung netzbetrieblicher Flexibilititen,” in 16. Symposium Energieinnovation (2020).
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Sets

All sets are defined by the symbol Q in combination with an corresponding index:

Set Elementofset Description

Qg k Set of nodes

Qg g i Set of generation units

QRrEs i Set of renewable energy units

Qpp i Set of power plants

Qp d Set of loads

Qn n Set of places on line towers

Qy v Set of available voltage levels

Qr t Set of transmission corridors

Qpc dc Set of High Voltage Direct Current (HYDQ) systems
Qu u Set of grid snapshots

Qcs cs Set of network (outage) situations (N-0 case and N-1 cases)

Table 3.1: Sets used within the formulation of the[TEPImodel.

Parameters

Parameters are described by capital letters or by Greek letters used in the literature for corresponding variables.

Parameter Description

Annual discount factor
Susceptance

Cost coefficient
Disjunctive parameter
Active power

M Coefficient for weighting operational costs

SRR

Table 3.2: Parameters used within the formulation of the[TEPImodel.

Variables

Variables are indicated by lower case letters. To distinguish between continuous and binary variables, binary variables are
characterised by the letter y.

Variable Description

f Power flow

r Slack (generation curtailment, load-shedding)
Ap Re-dispatched power in-feed

0 Voltage angle

¥ Expansion status (binary variable)

yop Power flow direction (binary variable)

Table 3.3: Variables used within the formulation of the[TEPimodel.
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Indices

Indices are used for specifying the parameters and the variables shown above.

Indice Description

kf,kt,kref Starting, end, reference node

c Candidate assets

0 Assets/units of starting topology

AC,ac Alternating Current (AC) system/circuit
VU, vu Voltage upgrade

REW,rew Re-wiring

DC,dc High Voltage Direct Current system

PST, pst Phase Shifting Transformer (PST)
TCSC,tcsc  Thyristor Controlled Series Compensator (ICSQ)

CM Congestion management

Slack Slack intervention

OP Grid Operation

max, min Maximum value, minimum value
+,— Increase, reduction

Table 3.4: Indices used within the formulation of the[TEPlmodel.

3.2 Scope of the TEP model

In[TEP| a target network structure is identified on the basis of a base/starting topology and given load and generation pat-
terns. The expansion portfolio is also part of the required input data and defines the set of regarded expansion measures
and technologies. Within the expansion portfolio, it is distinguished between the following expansion and reinforcement
measures:

- Construction of new AC circuits
— inexisting transmission corridors (reinforcement)
— in new transmission corridors (expansion)
- Re-wiring existing circuits by conductors with an increased transmission capacity
- Upgrade of the voltage level of existing circuits
- Placement of[HVDOsystems
- Installation of[PSTk
- Construction of[TCSGCs

Expansion and reinforcement measures are modelled by binary decision variables. An activated variable indicates the in-
stallation of the corresponding asset. The deconstruction of systems being part of the base topology is not analysed. Each
asset is characterised using three main topological attributes to define it clearly: the transmission corridor ¢, the line tower
place n and the voltage level v. The set of line tower places per transmission corridor Q , contains the set of places being
already occupied in the base topology Q, , and the available candidate places Qy, . The set of existing circuits which can
be reinforced by re-wiring or upgrading the voltage level are defined by the sets Qy, .., and Qn, .- Both sets are subsets
of the set Qy, . The sets of existing circuits to which [PSTs and [TCSCs can be placed in series are defined as Qy;,, ., and
QN, 0. FESpectively. Both sets are again subsets of the set Qy, . It is assumed that equal measures are taken for paral-
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lel circuits of the same voltage level in the same transmission corridor. Hence, corresponding expansion decisions can be
modelled by one decision variable. In the following, the different expansion options are explained.

Within a transmission corridor ¢ € Q 7, new[Adcircuits of available voltage levels v € Qy, can be installed on available line
tower places 1 € Qy, .. The variable y€ indicates both the construction of a new circuit as well as of a new transformer.

ViC  el0;1}, YteQr,YneQy,, YveQy, 3.1)

Existing[AC circuits n € Q, ,,,, can be re-wired by conductors characterised by an increased transmission capacity. It is
assumed that the reactances will be the same for conductors with standard and increased transmission capacities. For each
circuit only one conductor with an increased transmission capacity is analysed.

yeE €101}, VieQr,VneQy,,., (3.2)

The voltage level vy of existing[Adcircuits n € Qy, ,, can be upgraded ifa highervoltage level v, isavailable. Itisassumed
that only one higher voltage level per circuit is taken into account for upgrading the voltage level.

Vinu, €01}, VieQr,VneQy,,,, (33)

HVDdsystems are modelled as coupled power injection and ejection. The power injected at one of the converters has to
be equal to the power ejected at the other one. In general, [HVDOsystems can be placed within each transmission corridor
teQr.

yPCeio1), VveeQr (3.4)

[PSTk allow a more efficient utilisation of transmission capacities by controlling power flows within meshed[Ad networks.
Theyare modelled as variable phase shift representing the corresponding operational flexibility and are constructed serially
to[Adcircuits. In the proposed formulation, the reactance of[PSTk is neglected and the placement s limited to those in series
toexisting circuits n € Q-

yiar €101}, VieQr,Vne QN (3.5)

Power flows within meshed[ACnetworks can also be controlled by[TCSCs. The operational flexibility of[TCSCk is provided by
avariable reactance connected in series to[ACcircuits. To maintain a linear formulation of the grid operation, the variable
reactance is modelled similarly to the operational flexibility of[PSTk as a variable phase shift. New[TCSCk can be placed in
series to all existing circuits n € Qn; ... -

Vi elol), VieQr,VneQy,,,., (3.6)

The grid operation is described by power flows f, voltage angles of nodes 6. as well as voltage angles 6757 and §7¢S5C¢
describing the operational flexibility of PSTk and [TCSC, respectively. The direction of power flows is indicated by the bi-
nary variable y°”. Node-specific congestion management and slack interventions are modelled by the variables Ap and r,
respectively. All variables will be specified by further indices defined within the nomenclature.

To increase the readability and clearness of the proposed model, in the mathematical formulation it is assumed that the
base topology does not contain any power flow controlling devices such as[HVDO systems, [PSTk or[TCSCk. However, such
components being already part of the base topology can be modelled as described below assuming an activated expansion
variable (the binary variable is not required any more).
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3.3 Objective function

The[TEP formulation aims at minimising overall costs resulting from the expansion and operation of the electrical trans-
mission grid. While expansion costs are caused by the installation of assets which are depreciated over several decades,
operational costs arise at a single grid snapshot of a single year. Hence, the contribution of each operational measure for al-
leviating overloads is limited to the corresponding grid snapshot. Consequently, the appropriate analysis of expansion and
operational costs requires weighting operational costs within the objective function. This weighting is done by calculating
operational costs as perpetual annuity to compare operational costs of one single year with long-term expansion costs. Fur-
thermore, it has to be taken into account that the target year of the planning horizon will be modelled by representative
grid snapshots. Therefore, operational costs calculated on the basis of the analysed grid snapshots have to be weighted for
capturing the costs of the whole year.

The investment costs IC include the costs for the installation of new assets as well as costs related with the operation of
these assets. Operational costs for installed assets are modelled as a percentage of corresponding investment costs. The
operational costs OC contain costs for congestion management interventions as well as load shedding and generation cur-
tailment which are modelled as node-specific slack variables to ensure the solvability of the optimisation problem. Con-
gestion management interventions are distinguished in those for redispatch of conventional power plants and curtailment
of renewable energies. Costs for positive redispatch and financial returns caused by negative redispatch are calculated via
marginal costs of each power plant.

min IC+0OC (3.7)
1
Ic=a+c%a+-y Y I, (3.8)
teQr
AC | AC DC ., DC vU VU
ICt = Z Z Ct.n,vyt,n,v+ct Yo+ Z Ct,n,v,,uyt,n,vy,,+
YLEQN['C UEQV[ nEQNt,O,Uu ( )
3.9
REW _ REW PST _ PST TCSC ,, TCSC
Z CinvYinuv T Z CinveYinuv, t Z Crve Vi,
nEQNt,O,rew nEQNt,O,pst nEQNt,O,tcsc
1
0C=(1+—) Y weMuEOctMu  gcslacku (3.10)
ueQy
OCMu= % CfP(apg" —Apg")+CRES Y Apg™ €R1)
i€Qpp i€QrEs
ocslekt=c, 3 Y (g ) (3.12)

cseQces keQy

3.4 Restrictions of the investment problem

The investment problem deals with restrictions limiting the construction of new assets due to mutual interdependencies
between different measures. On the one hand, the expansion costs can depend on the order in which the assets are placed
and, on the other hand, the number of measures which can be realised per circuit is limited.

In context of constructing new[Acircuits, it is differentiated between the reinforcement of existing and the development
of new transmission corridors. Developing new transmission corridors requires the installation of new line towers whereas
reinforcing existing ones requires only an upgrade of existing line towers. Furthermore, costs for upgrading an existing one
depend on the number of circuits being already installed within the corridor taking all available voltage levels into account.
Therefore, it has to be ensured that per line tower place only one circuit of the available voltage levels can be installed.

Y yiS,<1, VteQr,VneQy, (3.13)
veV;
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Furthermore, the order in which parallel circuits can be constructed has to be restricted. A circuit z can only be placed when
the circuit n— 1 is already installed.

Y ytnv > ym =0, VieQr,VneQy,, (3.14)

veV, veV;

Itis assumed that each circuit can only be expanded or reinforced by one technological measure. Hence, either a parallel
circuit can be installed, the voltage level can be upgraded, the circuit can be re-wired, a[PST|can be placed in series or a[TCSC
can be installed serially. Nevertheless, the restriction allows the parallel placement of more than one parallel measure.

AC 140} REW PST TCSC
Yineve T Ve, TVt,n00 T Vtnv T ytnvo—l' VtEQT'VnCEQNz,c'VHEQNz,o (3.15)

3.5 Restrictions of the operation problem

The operation problem contains all restrictions required for describing the grid operation and limiting operational variables
and flexibilities such as for example power flows, voltages or congestion management interventions. Furthermore, the re-
strictions coupling the operational variables with the investment variables are also part of the operation problem.

Due to the long-term planning horizon, the grid operation is described via[Dd power flow equations (Kirchhoff’s current
and voltage law). Hence, the power flow equations can be formulated linearly and the complexity is reduced significantly.
According to Kirchhoff’s current law, the power injected into a node has to be equal to the power ejected at the same node.
The node balance equation takes into account power flows of connected[ACcircuits £4¢ as well as of connected[HVDCsys-
tems fPC, feed-in Pg aswellasload P, of connected generation units, positive as well as negative redispatch interventions
Apjgr and Ap,, respectively, and slack variables. Since preventive congestion management interventions are analysed only,
redispatch interventions have to be equal for all outage situations. Furthermore [HYDOsystems are operated in each outage
situation in the same operation point.

Z Z Z ;flnC,,Uu,cs_'_ Z DCu_l_ng_ gL’tkcs_i_ Z Apgi, _Pd ukcs+ Z Apgi,u,

t€Qr, neQy, veQy, teQr, 1€Qpp,. i€Qg, (3.16)

Vke Qr,YueQy,Vese Qcs

Kirchhoff’s voltage law is formulated separately for existing and candidate circuits as well as for circuits those voltage level
can be upgraded. In Kirchhoff’s current law for existing circuits, it is taken into account that[PSTk and TCSCk can be placed
in series to the circuit. The voltage angles of the from and to node of each circuit are indicated by the indices kf and kt,
respectively.

AC,u,cs u cs u,cs PST,u TCSC,u
ftnvo _Ytnl/o( K finvg BkttnUO 1,n,vy +9tnvo )=0,

(3.17)
VteQr,VYneQn, \neQy,,,,,YueQu,Ves€Qcs\ €Stn,u,

Kirchhoff's voltage law for new circuits is formulated using a disjunctive parameter M to ensure a convex formulation of the
[TEPIproblem. Hence, power flows are limited only in the case of constructing new circuits.

|ftAnCuu o _Yt n, v(glbctfcti‘y _Gllcl}cs =M1 - yt n V) 619

VteQr,Vne QNM,VU € Qvt,‘v’u €Qu,VeseQes\cSenp
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Upgrading the voltage level of an[AQcircuit requires the construction of a new circuit with an increased voltage level and
different reactances as well as the deconstruction of the existing one. Both measures are indicated by the same decision vari-
able yVV. Due to the option to deconstruct the existing circuit, a disjunctive parameter has to be integrated in Kirchhoff’s
voltage law of the corresponding circuit as well.

AC,u,cs AC u,cs u,cs PST,u TCSC,u vu
yu,eS ’ — ’ ’ ’ <
|ft’n’vo ,)/t,n,yo( k ft.n,v ektt,n,V() + et’anO + Bt;nyvo )| - Myt,n,v,,u

(3.19)
VteQr,VneQp,,,. . YueQu,Ves€Qes\ €St n,y,
AC,u,cs AC u,cs u,cs 40}
|ft,n,yyu - Yt,n,v,,u (ekft,n,l/vu a tht,n,wu” =M1 - J/t,n,v,,,,) (3.20)
VteQr,Vne QNI,O,Uu’ YueQuy,Vese Qcs )\ CSt.n, vy
The voltage angle at the reference bus is set to zero within each grid snapshot u and each outage situation cs:
QZ’rC;f:O, YueQy,Vese Qes 3.21)
The voltage angle of each node is limited by an maximum voltage angle:
|91164,cs| < gmax VkeQg,VueQy,VeseQes (3.22)
The flow on[Adcircuits, which can’t be re-wired, is limited by the maximum transmission capacity:
AC,u,cs AC,max
|ft,n,v0 | < ft,n,vo , VYteQr,Vne QNt,O \ne QN[,O,rew’ YueQuy,Vese Qcs (3.23)

The maximum flow on[Alcircuits, which can be re-wired, is formulated under consideration of the binary variable indicating
the re-wiring status. In the case of re-wiring the circuit, the maximum capacity is increased, otherwise it is restricted to the
original transmission capacity. Within the modelling approach, the reactances of classical conductors and those conductors
characterised by an increased transmission capacity are assumed to be equal.

AC,u,cs AC,max REW,max AC,max , REW
femve 1=Tonwe e, ~Jonve IVinuvy

VtEQT,VHEQN[‘OYrew,Vu€QU,VCS€QCS (3.24)

The transmission capacity of new circuits including those circuits being installed in context of a voltage upgrade is limited
to the maximum one taking the corresponding construction status into account:

AC,u,cs AC,max , AC
|ft,n,v | < iy Yimw VieQr,VneQy,, ,YveQy,YueQy,VeseQcs (3.25)
AC,u,cs AC,max VU
fenmve VS Finvy, YVinve YIEQTVREQN, ,YUeEQy,VeseQes (3.26)

The outages of a system is modelled by replicating the grid snapshot (N-0 case) and switching off the corresponding sys-
tem. Consequently, the flow on a circuit those outage is analysed within an outage situation has to be equal to zero in this
situation:

St 20, VreQr,YneQy, YveQy, YueQy, (3.27)
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[HVDdsystems are modelled as point-to-point connections and the operation of each system is limited by the installed ca-
pacity of the converters at the from and to station. Power can only be transmitted by an[HVDCsystem when itis installed:

lftDC,u|S DCmaxytDC’ YVieQr YueQy, (3.28)

The phase shift of each[PSTlis limited depending on the installation status. Only in the case of installing the corresponding
power flows can be controlled within the electrical grid. The operating range is assumed to be symmetric.

07 Ll < @PSTmaxy Sl - iteQr,YneQy,,,,, YueQy, (3.29)
To maintain a linear formulation of the grid operation the variable reactance of[TCSCk representing the operational flexibil-
ity is modelled as variable phase shift. The relation between the phase shift and the reactance is defined by the following
function:

TCSC u( TCSC,u) _Yf n,vg u,cs Qu ,CS (3.30)
t vy Vin,u, AC TCSC,u *" kfi,ny, ktt,n,v, '
Y[ n,vy Y[ n,vy

Due to the asymmetrical operation range of[TCSCs (I)/TCSC'mi"| # IyTCSC""‘”I) the corresponding limitation has to be for-
mulated depending on the direction of power flows. The binary variable y©” indicates this direction and is only formulated
for the base case situation cs:

1 fAC u,cs -,
yl’ol’}l)ZoCS - Oy fl;{éyuo CcS - ’ VteQT’VnEQNZ,O,lL'Sc’VMEQU (331)
’ t,n,vy

The operating range of [TCSCk is limited using the functional relation between the[TCSC phase shift and reactance as well
as the binary variable indicating the power flow direction and a disjunctive parameter M. Additional restrictions caused by
outage situations will not be included into the limitation of the operating range of § T¢S€.

TCSC,, TCSC,mi TCSC, OP,
=0 00 (v M +0, ot =M=y ), VEeQr,YneQy,,,. ., YueQy (3.32)
07 5SC (T CsCmaxy _glCsOu < M(1—yPP4 ), VieQr,YneQy,,,. . YueQy (3.33)
TCSC TCSC, TCSC,u OPu
0 mvs Y miny _ O <My, VE€Qr,YneQn,,,. YueQy (3.34)
T P,
—07C3C(TCSCmax) 4 o0 < MyOPY | VteQr,VneQn,,,.., YUEQy (3.35)

Power flows can only be controlled by a[TCSOin the case of installing the asset. The disjunctive parameter used within the
corresponding restriction has to be chosen large enough to avoid an additional limitation in the case of placing the[TCSC

0750 < MyTSSC vieQr,VneQy,,,.,VieQy, (3.36)

t,n,vy Ln,vy’

The positive and negative redispatch potential of conventional power plantsis calculated on the basis of installed as well as
minimum capacity and the grid snapshot-specific feed-in determined by the[CESt

0<Apg" <Py - Py, VieQpp,YueQy (3.37)
0<Apg" < max(Py, - PF'",0), VieQpp,VueQy (3.38)
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Further generation units such as power-to-gas or power-to-heat units which enable the coupling of the electricity sector with
the gas or heat sector can be integrated into the optimisation in a similar manner. The potential for curtailing renewable
energies results from the available feed-in. The potential of units connected to underlying voltage levels are analysed in an
aggregated way.

OSApgi’uSPgi, VieQprrps, VUuEQy (3.39)

Theslack variables rg, and ry, describe load-shedding and virtual generation curtailment. They are defined for each node
k and each outage situation cs to ensure the solvability of the optimisation problem and should not be part of the solution.
The slack variables will not be limited to enable the solvability within each grid snapshot and each outage situation.
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Chapter 4

Decentral Energy System Disaggregation

After planning the necessary generation expansion and transmission network expansion in the[CESland[TEP] the decentral
energy system should be planned, too. The decentral energy system planning can be splitinto three parts. First, the location
ofall assets in a[DESIshould be planned. Then, the operation of the[DEShas to be determined. Finally, necessary distribution
network expansion should be planned. The locational planning of assets in a[DESis topic of this chapter.

ThelCESldetermines aggregated shell numbers for generation and load technologies for each node in the optimisation prob-
lem. Thereby, every node represents one[DES| To perform furtheranalysis’in a[DES] these shell numbers have to be disaggre-
gated onto a higher granularity. The operational planning allows planning the operation of a[DESon a building
level. Therefore, the assets in the[DES|have to be disaggregated on building level.

Inthissubmodel, the node-sharp installed power will be disaggregated onto a higher granularity, depending on the location
of the technologies in the energy system. It has to be distinguished between technologies that are located in buildings and
technologies with high installed power, which are usually located in higher grid levels.

4.1 Building-Focused Technologies

Technologies, that are located on building level, are the following:
- Heating technologies
— Heat pumps
- [CHP}plants
— Electrical heating rods
— Gasboilers
- Small scale generation technologies and flexibilities
— Rooftop{PVlsystems
— Home battery storages
- Electric vehicles

To properly plan the operation of these technologies, they have to be disaggregated on building level. This means, thateach
technology has to be allocated to one certain building in the[DESI

Therefore, first a building register is required. This building register needs to store information about every building in the
regarded[DES] Necessary information for each building are:
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- Location in the[DESIMedium Voltage (MV)-grid sharp
- Georeferencing for available solar radiation

- Solar radiation

- Annual electrical load

- Electrical load profile

- Annual room heating load

- Room heating profile

- Annual process heating demand (per heat range)

- Annual process heating profiles (per heat range)

- Rooftop area

The buildings can be divided into the sectors Household (HH), Commerce, Trade and Service (CTS) as well as industry. Infor-
mation about process heating is only required for industry buildings. The technologies can then be distributed to buildings
in a rule-based probabilisticapproach.

Heating technologies are allocated to buildings randomly, but also based on the common assumptions in[PlaMESland on
the results of the[chapter 2| The dimensioning of the installed power of heating technologies can be oriented on the max-
imal heat load of the building, since the heating technology has to provide enough heat in each timestep. The capacity of
heat storages can be set in a similar way. Rooftop{PV}systems are dimensioned on basis the available rooftop area of each
house. Thereby, it is assumed, that a certain amount of the available rooftop area is used if a[P\lsystem is installed on a
building. Home battery storages are just installed in buildings with a[PV}system. The installed power and energy of a bat-
tery storage can be determined based on the installed[PVlpower. The installed power of [PV}systems and battery storages
and the installed capacity of battery storages of all buildings in the[DESlhas to be equal to the shell numbers planned in the

[CESl(comp.[chapter2).

[EVk can be allocated to buildings randomly. The installed power and capacity of each[EVIshould orient on actual sizes of[EVk.

4.2 Large-Scale Technologies

Large-scale technologies, that are planned centrally and need to be installed in the[DES] are the following:
- Open space[PV}systems
- Wind Power Plants
- Large-scale[CHP}plants
- Electrolyzers
- Fuel Cells

These technologies usually have high installed power and are therefore not installed in the Low Voltage ([\)-system. De-
pending on the powerofasystem, it has to be located in the[MV} or High Voltage (HV)-grid. The locating of the technologies
can be performed either in a rule-based approach or probabilistic. Thereby, the distribution network could be considered.

Open space[PVFsystems and Wind Power Plants (WPPk) can be placed rule-based on potential areas. Thereby, the area of the
[DESlis analysed. Areas, where no generation plants can be located, are identified. This can be forests, built-up areas or areas
with high gradients. In these areas, no power plant can be placed. Furthermore, forlWPPk, minimal distances to streets,
municipal areas and other[WPPk have to be respected. The[P\systems and [WPPk can then be located in the remaining
areas and allocated to the nearest node of the electrical distribution grid.
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Large-scale[CHPlplants, electrolysers and fuel cells can be placed in the[MV} or[HV}-grid probabilistic under consideration
of the load centres and municipal areas.
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Chapter5

Decentral Energy System Operational Planning

After disaggregating the location of centrally planned assets, a further disaggregation is necessary to allow analysing the
Every assetin the[DEShas its own certain time series. The[CES|considers time series in an aggregated manner, resulting
in one time series per[DESl For the analysis of a[DES] time series for every node in the[DESlare required. Therefore, the oper-
ation of all assets has to be planned. Thereby, the central and aggregated time series doesn’t have to be met exactly. There
can be a difference between centrally planned and actually driven operation in the[DES] since the[CESIplans the operation
of all assetin a highly aggregated manner.

In many[DES] utilities install Renewable Energy Sources and flexibilities. Furthermore, utilities own and operate heat-
ing grids for the heating of end customers. In these heating grids, heating technologies are installed and can be operated by
the utility freely within constraints. Utilities are interested in having an optimal operation of their portfolio, which means
an operational planning of their generating assets, flexibilities and loads. This planning should also consider the possibility
to trade energy on central markets and directly to end customers.

Since[PlaMES|plans energy systems in the future, multiple possibilities for end customers in the[DESto sell their produced
energy should be considered. These possibilities can be summarised as Coordination Mechanisms (CMk). [CMk are mech-
anisms to operate and coordinate RES] distributed flexibilities and loads in order to achieve economic or grid supportive
target. A very basic[CMlare feed-in tariffs as they are currently used. Different, more sophisticated[CMk are Local Energy
Markets ((EMk). Since multiple[CMk can be used in the scenario year, they shall be investigated an the operational planning
and the deviation of the time series from the centrally planned time series shall be assessed.

5.1 Setsand parameters

The problem structure consists of the following sets:

Set  Description

T Setoftimeslots 1,...,0
Iiecn  Setoftechnical sub problems of one entity
Iocon  Setofeconomical sub problems of one entity

I Set of all sub problems of one entity I = I1pcp, U Iocon

] Set of all entities in the[DES|
Ky,  Setofallsub problems thata sub problem i can shift electrical energy to
Ky,i Setofallsub problems thata sub problem i can shift thermal energy to
Kgi  Setofallsub problemsthatasub problem i can shift chemical energy to

Table 5.1: Sets used within the[DESOPImodel.
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Parameter of the optimisation problem are:

Parameter  Description
P;; fixed electrical demand of an entity i € I;ecp, t€ T
Qi fixed thermal demand of anentity i € I;pcp, t€ T
Li; availability of an[EVlof one entity i € I;ocp, t€ T
P inst installed electrical power of the asset of an entity i € I;ecp,
Qiinst installed thermal power of the asset of an entity i € I,
E; inst installed electrical capacity of a storage of an entity i € I;ocp
Qi,inst installed thermal capacity of a storage of an entity i € I;,.p,
SoC; initiar initial State of Charge of astorage of anentity i € I1ocp,
Qi initiar  initially stored thermal energy of a storage of one entity i € I;ocp,
i efficiency of anasseti € I;ocp,
£; Coefficient of Performance of the asset of one entity i € I;ecp
M;p Back-pressure coefficient of the asset of one entity i € I ..,
M;, Loss of electricity generation per unis of heat generated at fixed fuel i € I ¢,
Rcup Ramping Constant

Table 5.2: Parameters used within the[DESOPImodel.

Variables of the optimisation problem are:

Variable Description

pzt electrical power that is added to the system of one entity i € Iecn U Iecon, t€ T

Pi, electrical power thatis taken from the system of one entity i € Ipch, U Iecon, L€ T

é];t thermal power that is added to the system of one entity i € I;ocp, U Iecon, t€ T

d; thermal power that is taken from the system of one entity i € I1pcp, U Iecon, t€ T

w;yi’t chemical power that is added to the system of one entity i € I;ocp, U Iocon, t € T, h € {H2,C H2}
Wy chemical power that is taken from the system of one entity i € Iecp U Iecon, t € T, h € {H2, CH2}
e stored electrical energy of a storage of one entity i € I;pep, t€ T

qit stored thermal energy of a storage of one entity i € I;cp, t€ T

it dual variable, market clearing price of alLEMIi € Iocon, t€ T

Di—k electrical power that is shifted from sub problem ito ki € I,k € Kj, ;

Wi_k thermal power that is shifted from sub problemito ki€ I, k€ K, ;

Ji—k chemical power that is shifted from sub problemito ki€ I,k € K, ;

Pmax,i,j maximal energy traded in the deployment contract or[[LEMlof one entity i € Iocon, j € J
Pmax,LEM,: maximal energy traded in one entity on thelEMlz € T

Table 5.3: Variables used within the[DESOPImodel

5.2 Framework

The operational planning will be in form of a dispatch calculated as Linear Problem (LP) that will consider the requirements
of each entity in the optimised[DES| Possible entities originate from the sectors[HH] [CTS|and industry. However, the utility
itself is an entity, too. Every entity maximises its own profit margin while participating on a shared[CM] For final customers,
these[CMk provide a way to purchase and sell electrical energy without using a usual contract of a utility. Possible[CMk are
[LEMk or Virtual Power Plants (VPPk) and described in[section 5.5] While optimising its profit, every entity has to consider
technical constraints of its assets. These technical submodels are described in[section 5.4] The model of each entity is then
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coupled by the[CMl The framework of the operational planning on the example of three entities and one utility (which is an
entity, too) can be seen in[Figure 5.1

Objec’flve Maximise every entities profit
Function
Entity 1
Entity 2
Constraints
Entity 3

Utility

Coupling Coupling of coordination mechanism

Figure 5.1: Model framework for the operational planning of three entities and one utility

5.3 Entity Models

An entity can be either a building in the sectors[HH] [CTSlor industry or an aggregating company, such as a utility. An entity
will always optimise its own profit within the constraints of its technologies and its demand and feed-in time series. The
operation of an entity can be planned with a[lPl An optimisation problem of an entity can be seen in[Figure 5.2 The sub
problems can be split into technical and economical problems.

Objective

Function Maximise profit

Technical Tech. 1

Constraints Tech. 2

Economic tM 1

Constraints CM 2
Coupling Equilibrium of energy carriers

Figure 5.2: Model framework for the operational planning one entity

The technical sub problems belong to all technical assets belonging to the entity. Assets belonging to technical problems
originate in all commodities. Possible assets are[EV, the heat demand, [RES] battery storages and gas-powered heaters.

Technical sub problems are described in[section 5.4]
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Economical sub problems depend on the coordination mechanisms used in the investigation. The target of economic sub
problems is to allow entities to purchase and sell energy. For every commodity that needs to be purchased or sold, at least
one sub problem is required. Possible economic sub problems are described in

All sub problems are coupled by coupling constraints. To consider different feed-in tariffs for different assets (comp.
tion5.5), one energy equilibrium based coupling constraint will not be sufficient. Therefore, flow based coupling constraints
need to be considered. The coupling constraints are explained in

In this chapter, we will consider three energy carriers and their powers: Electrical power p, thermal power ¢, and chemical
power from gas wpy» and ¢ o for hydrogen and methane. Variables with a subscript + add energy into the system (i.e.
purchased or generated). Variables with a subscript — take energy out of the system (i.e. sold or used). The following active
sign convention applies for all sub problems:

p* =0 5.1)
p =0 (5.2)
q* =0 (5.3)
g =0 (5.4)
Wi, 20 (5.5
W, <0 (5.6)
Wy, 20 5.7)
Wep <0 (5.8)

5.4 Technical Models

Technical Models can be splitinto load models, that just represent a load which has to be fulfilled, generator models, that
allow generating energy, storage models, that allow storing the energy of a certain commodity, and energy conversion tech-
nologies, thatallow converting energy of different commodities, such as electricity to heat, gas to heatand gas to electricity.
The following listing includes all technologies, that will be considered within[DESOP}

- Loads
— Electrical Load
— Thermal Load
- Generators
— [P\Vlsystems
— Wind Power Plants
— Solar Thermal Plants
- Storages
— Battery Storage
— Heat Storage
— Electric Vehicles
- Energy conversion technologies

— Electrical Heating Rods
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Heat Pumps

Gas heat boilers

Combined Heat and Power-Plants

Electrolysers

Fuel Cells

Technical sub problems have no impact on the objective function, since the deployment and sale of energy is located in
economical sub problems. Therefore, the objective function will not be considered in the following sections.
5.4.1 Electrical Load

The sub problem of the electrical load defines a staticload Pej j44, ¢, that has to be fulfilled with electrical power p
ineachtimestepte T:

el.load,t

~Pelioad,t =Pelloadt VIET (5.9)

5.4.2 Thermal Load

The sub problem of the thermal load defines a static load Q. 1044, 1, that has to be fulfilled with thermal power i toad t
ineachtimestepte T:

_q;h.load,t :ch.load,t VteT (5.10)

5.4.3 PV-System

[PVI-Systems generate electrical energy from solar radiation. The generated power py,, , is capped by the installed power of
the[P\lsystem:

Ofp}tv,tSPPV,inst VieT (5.11)

The constraints of a[P\Vlsystem depends on the available solar power Ppy,; and whether the power can be adjusted by the
user. If the power can not be adjusted, the generated power will always equal the possible generated power:

Ppy:=Prvy VLT (5.12)

If the power can be adjusted, the generated power will just be capped by the possible generated power on the right hand
side:

Ppy,<Ppv; VLET (5.13)
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5.4.4 Wind Power Plant

[WPPk generate electrical energy from wind energy. The generated power py, p, is capped by the installed power of the

WPP

0<pypp; < Pwppinst: VIET (5.14)

The constraints of afWPPldepends on the available wind power Py pp; and whether the power can be adjusted by the user.
If the power can not be adjusted, the generated power will always be equal to the possible generated power:

Pwpp:=Pwppr VteT (5.15)

If the power can be adjusted, the generated power will just be capped by the possible generated power on the right hand
side:

Pwpp: < Pwppr VIET (5.16)

5.4.5 Solar Thermal System

Solar thermal systems generate thermal energy from solar radiation. The generated power g, , is capped by the installed
power of the solar thermal system Q'STg,inst:

0= 67§Ts,[ <Qsrsinst YteT (5.17)

The thermal power, that the solar thermal system produces, is coupled to the available power Qsrs ; by the efficiency 0 <
nsrs<1:
Grs, =Nsrs-Qsrs: VieT (5.18)

5.4.6 Battery Storage

Battery storages allow storing electrical energy over time. The decision variables of energy storages are the electrical power

fordischarging pj, ., ,and charging py ., ,. The variables are capped by the installed power Pgqy,inse+and Py, ;. of the
battery storage:

0 Spgat,t Spgat,inst VieT (5-19)

_Pgat,inst Splgat,t <0 VieT (5.20)

The stored energy is no direct decision variable in this formulation of an electrical storage. Nevertheless, the installed Ca-
pacity Epat,inst has to be defined.

Efficiencies for charging 0 < 11y charge < 1 and discharging 0 < npay discharge < 1 can be defined. Furthermore, aniinitial
000 < SoCgatinitial < 1 can be defined. The storage is constrained by:

t p+
— Bat,t
_SOCBat,initial : EBat,inst = Z N Bat,charge" PBM,T +—=01- SOCBat,ini[ial) : EBat,inst vVieT (5.21)
T=1 NBat,discharge
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5.4.7 HeatStorage

Heat storages allow storing thermal energy over time. The decision variables are the thermal power for charging ¢, , and
discharging ‘71;5 . and the energy stored in the storage at each time gpys, ;. The variables are capped by the installed power

Q'Hsyinst and the installed capacity Qgs,inss:

0 Sdﬁs,t <Qmns,inst VIET (5.22)
—Qus,inst <4, <0 VieT (5.23)
0=qns:<Qmus,inst VIET (5.24)

For every heat storage, an efficiency 0 < 5 charge < 1 for charging and 0 < n s gischarge < 1 for discharging has to be
defined. Furthermore, self-discharging occurs defined by the efficiency 0 < Ny seifaischarge < 1. The sub problem of a
heat storage is constrained by:

-+
. qHs, e
qHS,t =N HS,selfdischarge qHS,t—1 T HS,charge Cle,t +————— ViIeT (5.25)
NHS,discharge

The initial charging of the storage can be defined as 0 < Qps,inirial < Qus,inst- The following constraint set the charging
in the first time step to the initial charging:

qus,0 = Qus,initial (5.26)

5.4.8 Electric Vehicles

[EVE allow charging the necessary energy for driving at any time. The decisions variables are the charging power p,, ., dis-
charging power p7,, (for Vehicle to Grid (V2G)) and the stored energy egy,;. The power is capped by the installed power

ng,inst >0, PEv,inst = 0 and the stored energy is capped by the installed capacity Egv ins: = 0:

0=prv,<Ppyins, VIET (5.27)
—Ppy inst <Pgv,: <0 VteT (5.28)
O<egv, <Egv,inst VIET (5.29)

IfV2Clshall not be used by an[EV] the discharging power is constrained by:

Ppv.=0 VteT (5.30)

[EVk can be either at the entities building, driving orin a different location. Therefore, they just can be charged at the entities
building, if they are there. The location and whether the car is plugged in can be defined in a parameter Lgy,; € {0;1}.
Whereby Lgy,; = 0 means that the[EV|can not be charged at the time ¢ and Lgy; = 1 means that the[EVican be charged at
the time t. The charging power and discharging power is then constrained by:

PEV,t <Pgv,inst-LEV,t VieT (5.31)

Pgv.e =~ Peviinst-Lev,e VEeT (5.32)

(5.33)
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When[EVk drive, they use electrical energy. This can be defined by the parameter Pgy = 0. Charging and discharging are
possible with an efficiency 0 < gy, charge < 1and 0 < gy gischarge < 1. The storage of the[EVlis then constrained by:

+
Pev,:

gV, = €gV,i-1 * NEV,charge  PEv,r + —Ppy, VieT (5.34)

NEV,discharge

5.4.9 Electrical Heating Rod

Electrical heating rods allow converting electrical energy to thermal energy. They can be modelled by their electrical power
Pgyr . and thermal power c’]EHR .- The electrical power is capped by the installed electrical power Pgpg,ins::

—PEgHR inst < Pppp, <0 VIeET (5.35)

The electrical and thermal power are coupled by an efficiency 0 < ngpp < 1:

~NEHRPerr: = pur: VIET (5.36)

5.4.10 HeatPump

Electrical heating rods allow converting electrical energy to thermal energy. Thereby, they utilise surrounding thermal en-
ergy from theair or soil. They can be modelled by their electrical power p;, ,, and thermal power g}, .. The electrical power
is capped by the installed electrical power Prp;ps::

—PHpinst < pI_LIP,t <0 VteT (5.37)

The electrical and thermal power are coupled by an Coefficient of Performance eyp = 1:

—enp Prpe=dpp; VtET (5.38)

5.4.11 Gas HeatBoiler

Gas Heat Boilers allow converting chemical energy from methane to thermal energy. They can be modelled by their chemi-
cal power wEHz,GHB,tandthermal power c']gHB’t. The chemical poweris capped by the installed electrical power WGHB,MH:

~WaHB,inst < Wep,gup, S0 VEeT (5.39)

The electrical and thermal power are coupled by an efficiency 0 < ngpp < 1:

~NGHB W Gupy = Gonp: VEET (5.40)

5.4.12 Combined Heat and Power Plant

[CHPs convert chemical energy from gas to electrical and thermal energy. According tofsubsection 2.7.3] [CHP}plants will be
modelled as back-pressure turbines, extraction condensing turbines or gas turbines in the[DES Independent of the type,
the sub problem for[CHP}plants have the decision variables u'/}‘lyCHP,t, ngRt and ngP,t whereby h is indicating whether
hydrogen or methane is used. The electrical power is capped by the installed power Pcrpins::

0<plup: < Pcrpinst VteT (5.41)
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The consumption of chemical energy and the production of electrical energy in back-pressure turbines and gas turbines are
coupled by the electrical efficiency 0 < ncpp < 1:

—TCHPBel w};,CHP,t = ngP,t VteT (5.42)

Electrical and thermal power are coupled by the back-pressure coefficient M¢pp = 0.

In back-pressure turbines, electrical and thermal power is coupled directly:

ngRt:MCHP,b'é]CHRt YteT (5.43)

In gas turbines, the electrical power forms an upper bound for the thermal power:

Peup: = Mcup-deupr VteT (5.44)

In condensing extraction turbines, the chemical energy is coupled to the electrical power and thermal power with the elec-
trical efficiency ncmp and the loss of electricity generation per unit of heat generated at fixed fuel input Mcgp, = 0:

~NCHP* W), cpipy = Poupe + Mcnpy Gogp, V€T (5.45)

The ratio of produced electrical energy and thermal energy can be set freely within certain restrictions:

PEHp,z = McHpb- L'IEHp,t VieT (5.46)

pEHp,t < Pcupinst — McHpy - ngP,t VieT (5.47)

All types of[CHP}Fplants can be constrained by ramps. This can be modelled by a ramping constant0 < Rcgp < 1:

—RcHpPcHPinst < PEHp,t - PEHp,t_l <Rcyp-Pchpinst VEET (5.48)

5.4.13 Electrolyser

+

Electrolysers transform electrical energy to Hydrogen. They use electrical power PEle and produce chemical power Wi Bles

The electrical power is capped by the installed electrical power Pgje jns::

~Pkieinst < P, =0 teT (5.49)

The electrical and chemical power are coupled by the efficiency 0 < ngj, < 1:

~TNEle" p;:le,t = w;IZ,Ele,t VieT (5'50)

5.4.14 FuelCell

Fuel cells transform chemical energy from hydrogen to electrical energy. Fuel cells can be modelled as back-pressure tur-
bines or gas turbines (comp.[CHPlplants).
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5.5 Coordination Mechanisms

So far, just technical submodels have been explained for the operational planning. These models allow generating or using
energy of one commodity or converting energies of commodities. However, every entity has to be able to deploy energy they
require and to sell energy they generate. Otherwise, the entities could often not satisfy their consumption.

The deployment and selling of energy can be provided by[CMk. Within the context of PIaMES] [CMk can be very simple
methodologies to allow trading energy, such as deployment contracts. In deployment contracts, an entity can sell or pur-
chase energy for a fixed price to the slack, such as the utility or the network operator. However, more sophisticated[CMk will
be considered in[PlaMES] too. One of them are[[EMk. In[LEMk, entities can trade energy among each other. This allows the
use of flexibilities to increase the profit margin of each entity while reducing the energy shifted to the slack (which is the
substation).

5.5.1 Deployment Contracts

Deployment contracts describe the status quo of energy deployment. End customers (households,[CTS) conclude contracts
with companies such as utilities to deploy energy for a fixed energy price. Larger companies, such as utilities or industrial
companies with high consumption can also purchase energy directly on the central energy market. If an entity produces
energy through|[RES]or a[CHPIplant, they can sell it for fixed prices (households and[CTS) or to the central energy market
(utilities and industry). This can be valid for all energy carries electricity, gas and heat.

The decision variables of such an optimisation problem for one entity and their price parameters are depicted in

Variable Price Parameter Sale /Purchase Energy Carrier
Ppc,VteT Cy VieT Purchase Electricity
PpcVteT C, VteT Sale Electricity
dpc, VteT Cl VteT Purchase Heat
dpc, VteT Cp, VteT Sale Heat

w;;YDC’tVtE T, he{H2,CH2} C;;JVIE T, he{H2,CH2} Purchase Cas
wl_z,DC,tVtE T,he{H2,CH2} C;;tVtE T,he{H2,CH2} Sale Gas

Table 5.4: Variables and parameters of deployment contract models

The variables are defined according to the variables in

Phc: =0 VteT (5.51)
Ppc,<0 VreT (5.52)
dpc, 20 YteT (5.53)
dpc, <0 VteT (5.54)
Wy pe =0 VteT he{H2,CH2) (5.55)
Wy, per <0 VteT he{H2,CH2} (5.56)

For one single entity, the electrical Deployment Contract could be influenced by a power price. This is a price that has to be
sold for the maximal used power. Therefore, a decision variable ppc, max, j is defined representing the maximal sold or pur-
chased power in the Deployment Contract over the whole time frame T. The maximal sold or purchased power ppc, max, j
of one entity j € Jis defined as:

PDC,max,j = 0 (5.57)
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The maximal power is bound to a power price Cej,max,j = 0. The objective function of the sub problem for a Deployment
Contract for one entity j € Jis then given as:

. + + - -
min ppc,max,j * Cel,max,j + Z (Ppc,:- Cel,t +Ppc,t Cel,t
teT
-+ + .- —_ —
+dpc,i Conetdpe,i Conye (5.58)

.4+ + . — -
+ Wi peyt Croe ¥ Whape,e Croye

.+ + .- —
T WeHo,pCyt CCHZ,t T+ WeHo,pe,t CCHZ,t)

The maximal electrical power of one entity j € J is coupled to the sold and purchased power by a set of constraints:

Pbc, it SPDCmaxj VEET (5.59)

—Ppc,jt < PDCmax,j VEIET (5.60)

All cost parameters can be defined freely. Furthermore, for each energy carrier, multiple deployment contracts can be de-
fined. This can be necessary, when an entity owns a[CHPland a[PV}system. As an example, in Germany, there are two differ-
ent feed-in tariffs for these systems. By that, two deployment contract sub problems will be required. One sub problem for
the feed-in of[P\}power and one sub problem for[CHP}power.

In case of the deployment contracts[CM] no coupling constraint (comparelsection 5.2) between various entities models ex-
ists. Every entity optimises its own profit without of any inter-dependency between the entities.
5.5.2 Local Energy Markets

[[EMk allow customers to trade energy between each other. Thereby, entities can have access to al[[lEM and deployment
contracts orjust have access to a[LEM] The formulation of aLEMlin is based on an economic dispatch formulationﬂ

For the sub problem of[LEMk, two decision variables exist: p} .., . isthe decision variable for purchasing electrical energy on
the[[EMI PLEM,( 1S the decision variable for selling electrical energy on the local energy market. The variables for one entity
j € J,where J is the set of all entities, are defined as:

Piem,, 20 YteT (5.61)
Prem, <0 VteT (5.62)
(5.63)

For one single entity, the[[EMlcould be influenced by a power price. This is a price that has to be sold for the maximal used
power. Therefore, a decision variable p; gn,max, j is defined representing the maximal sold or purchased power in the[[EM]
over the whole time frame T'. The maximal sold or purchased power p; gn,max,j of one entity j € Jis defined as:
pLEM,max,j =0 (5-64)
The maximal power is bound to a power price C,j jnax,j = 0. The objective function of the sub problem for alLEMlfor one

entity j € Jis then given as:

min prem,max,j * Cel,max, j (5.65)

1. Wilhelm Cramer et al., “Engaging Prosumers in Local Energy Market Business Models,” in Proc. of the 25th International Conference on Electricity
Distribution (CIRED 2019) (AIM, 2019), ISBN: 978-2-9602415-0-1, doi:10 . 34890/555,
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The maximal power of one entity j € J is coupled to the sold and purchased power by a set of constraints:

pZEM,j,t < PLEM,max,j VIET (5.66)

_piEM,j,t = PLEM,max,j VteT (5.67)

Next to the[LEM] the entities can also sell and purchase energy in deployment contracts.

The matching of the[LEMlis performed by the optimisation problem of the economic dispatch which maximises the welfare
in the market. Mathematically, this can be formulated as a coupling constraint. This coupling constraint couples all selling
and purchasing decision variables of the[[EM}

> Plemjet Presj =0 (tremy) YteT (5.68)
jel

The dual variable 7w gas, ¢ can be identified as the marginal change in the welfare of the whole[LEM|by changing the allowed
sold energy. This can be interpreted as the market clearing price of the[[EMland is the price, that every entity sells or buys
its energy for from the market.

When solving the model, the solver can be indifferent in who should trade with each other. Often, multiple entities have
equal marginal costs. Thereby, it may occur that just a few entities trade high amounts with each other which may affect
the distribution grid negatively. A further sub problem can be added ensuring a fair distribution of traded energy between
all entities.

Therefore, a overall maximal traded energy prem, max,r and small power costs Crep, max = 0 are defined:

PLEM,max,t =0 VteT (5.69)

The objective function for the sub problem for fair trading minimises the overall paid power prices:

min Z PLEM,max,t * CLEM,max (5.70)
teT

The maximal traded power for each time step is coupled to the traded power of each entity j € J:

pZEM,j,t = PLEM,max,t Vj e,VteT (5.71)
_pZEM,j,[ = PLEM,max,t Vj e,VteT (5.72)

Further[CMk could be investigated in[PTaMES| One possible[CMlis a[VPPl In alVPP} multiple[RESland flexibilities can be com-
bined to a larger portfolio. Thereby, constraints of every end customer have to be considered. Furthermore, grid-supporting
can be investigated. One simple[CMlcould be a use of power prices. The modelling of power prices has been described
infsubsection 5.5.1land[subsection 5.5.2] By that, the maximal grid usage of each entity is minimised reducing in less stress
on the distribution grid.
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+ -
pPV,t pel.load,t

+ p—
Pcupt Ppc.pv.t

+ —
Ppc,e Ppccup,e

Figure 5.3: Exemplary coupling for electricity foran entity with one[P\l-system, one[CHP] one electrical load, one deployment
contract for purchasing energy and two deployment contracts for selling energy.

5.6 Entity Coupling Constraints

In the operational planning, a coupling between all sub problems is required. Thereby, a pure energy equilibrium based
coupling is not sufficient. It is possible, that entities have multiple sub problems for deployment contracts for one energy
carrier. With an energy equilibrium constraint, the deployment contract with the highest feed-in tariff would be used. To
avoid those problems, a flow-based coupling is required. This coupling is exemplary depicted in[Figure 5.3]

The illustration shows that each sub problem i € I has limited sets of sub problems k € K, ;Vi € I, k € Ky,;Vi € I and
k€ K4,;Vi€ Ithatitcan give energy to or take energy from. This leads to decision variables:

Pi—x=0 Viel, VkeKk; (5.73)
Wwi_r=0 Viel VkeK; (5.74)
Gi—x=0 Viel VkeKk; (5.75)

indicating the power shifted from sub problem i to sub problem k. The coupling constraints are then given as:

pi= Y, Pi—k— ), Pk—i Viel (5.76)
kEKp,,‘ k|i€Kp,k
Wwi= Y. Wi—k— », Wk—; Yiel (5.77)
keKy,; klieKy i
Gi= Y. Gi—k— Y. qr—i Vi€l (5.78)
kEKq,i k|l’€Kp,k
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Chapter 6

Distribution Network Expansion Planning

The Distribution Network Expansion Planning is focused on the strategic planning approach of Distribution System Opera-
tors (DSOk). The distribution system operator is responsible for operating, maintaining and developing the regional electric
distribution grid infrastructure. have to ensure the long term ability of the system to provide reasonable capacity for
the distribution of electricity. DNEPIfocuses on the new challenges within future distribution grids triggered through higher
penetration of volatile renewable energy sources, usage of flexibilities and new electric loads through sector coupling, such
as the growing electrification of the mobility and heat sector. The Distribution Network Expansion Planning will provide an
economic assessment and strategic planning solution for distribution system operators on the long term effects of future
supply tasks. In this regard DNEPIfocuses on the assets within the authority of[DSOk.

6.1 Electric Grid Topology

To enable[DNEP the electric distribution grid topology has to be modelled. While the Central Energy Systems focuses on
the transregional energy transport, distribution system planning covers the regional electric distribution grid topology. The
Electric Grid Topology for the distribution grid planning approach is described in the following sections.

6.1.1 \Voltage Levels

The investigated voltage levels in[DNEP|are the [MV] Level (10kV-30kV) and [V Level (less than 1kV). For the modelling of
the Decentral Energy System especially in regard to the feedback through the Decentral Energy System Aggregation within
[PIaMES|the High Voltage Level (110kV) needs to be considered as well. The grid topology depends on regional and structural
differences as well as the respective voltage level, which need to be considered within the topology modelling.

Extra High Voltage (CES)

High Voltage (110kV)

% q Medium Voltage (10-30kV)

. Q Low Voltage (0.4kV)

Figure 6.1: Voltage Levels
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6.1.2 Distribution Grid Structure

The topology of electric distribution grids differs in their structure. There are different topologies in which grid users are
connected to the grid.

Radial Grids

The lines in a radial grid branch from a feeding substation and connect underlying stations and consumers. In this grid
topology, several consumers are connected to one line in series. The radial grid is mostly used in low voltage networks (0.4
kV) with locally high consumer density. This design results in a very clear and cost-effective network structure. The disad-
vantage is the security of supply: In the event of a fault in one string, all the consumers connected to it are taken off the
grid.

Ringed Grids

Ringed network offers a higher level of security with regard to the voltage supply. The lines runinaring from one to asecond
supply transformer. During normal operation, the rings are separated and thus operated as individual lines, which in case of
afault prevents the failure of an entirering. In the event of a fault, the ring is cut open at the fault location and the previously
openseparation pointis closed. In this way the cut-off consumers can be quickly resupplied. Ringed networks are often used
in medium voltage networks.

Meshed Grids

In Meshed Networks the lines are galvanically linked by switchgear (nodes). This results in a high level of security of supply
from each feeding pointin the network to the consumers as well as a balanced voltage profile as in radial networks. Switch-
ing operation in the event of an error is carried out automatically and often takes just a few milliseconds. Due to these
advantages, the extra-high voltage networks and almost all high-voltage networks are operated as a meshed network to
ensure the stability of voltage and frequency even in the event of a fault. This also prevents locally extensive power failures
and thus minimises the risk of a blackout.

6.1.3 Grid Model

In order to be able to consider the electrical grid in the planning process, the grid assets and their individual parameters for
modelling must be described. Therefor to adequately model the electric distribution grid within[PIaMES| the pandapower
grid model is used. Pandapower is an open source tool for modelling, analysing and optimising electric power systems. To
facilitate modelling of grid assets, pandapower provides Standard Type Libraries. Lines and transformers have to different
categories in pandapower. One category describes parameters which are element specific (e.g. length of line) and asset
specific (resistance per kilometre line). The Standard Type Library provides a database of different types of lines and trans-
formers, so that not all parameters have to be defined individuaIIyE]

Lines

Power is mainly transmitted using two different types of lines: overhead lines and cables. The cross-section of the cables
varies with the power and voltage level in which the line is used. The decision which type is used depends mainly on the
costs and local conditions. With the pandapower Standard Type Library the basic modelling parameters for each line can be
setaccordingly.

Transformers

In the planning process, the modelling of transformers has to reflect the concrete requirements and thus design relevant
parameters. These include, among others, the nominal power, nominal voltage and the voltage control range. The voltage

1. Leon Thurneretal., “Pandapower—An Open-Source Python Tool for Convenient Modeling, Analysis, and Optimization of Electric Power Systems,”
|EEE Transactions on Power Systems 33, no. 6 (2018): 6510—6521, 1SSN: 0885-8950, doi{10.1109/TPWRS.2018.2829021,
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control range has to be chosen according to the networks to be connected and the maximum voltage deviation in these
networks. Normally the maximum operational flexibility within the voltage band limits and the control range of the trans-
former is +15-20 %. As well for transformers pandapower provides Standard Type assets.

6.2 Planning and Operation Principles

A planning variantis valid if it enables safe and reliable grid operation. In order to guarantee this, there are various techni-
cal criteria and boundary conditions within the framework of grid planning. Within the scope of the Distribution Network
Expansion Planning the reliable grid operation will be ensured while approaches to use grid technologies for flexible oper-
ation of the grid are considered within the planning process.

Normal Operation

Electricdistribution grids must be designed in a way in which the maximum load capacity of equipment is not exceeded in
any of the load cases expected in the future. For the connection points of all grid users in the grid, the maximum permissible
deviations from the nominal voltage under normal operating conditions are defined at +10 % following industry standards.
Besides the voltage constraints, it has to be ensured to operate assets within their current limits. The maximum allowed
currents are defined through rated power of transformers or maximum thermal current of lines.

N-1 Criterion

The N-1 or single contingency criterion specifies that all loads still can be serviced after the event of an outage of one grid
assetinthe grid. Two basicoutage events are the fault of a transformeroraline. In the event of an transformer outage, it has
to be ensured, that an redundant transformer is installed and as well can transmit the additional capacities. In the event of
a line outage as well the constraints of normal operation have to be ensured.

Fault Currents

In the event of grid faults, transient short circuit currents can occur. These currents can excess the permitted currents of
normal operation. Due to high thermal and mechanical stress on grid assets fault currents have to be considered in the
planning process, to ensure that possible faults can be detected and cut of safely.

6.3 Grid Analysis

On basis of Planning and Operation Principles, an automated grid analysis is necessary to enable the planning process. In
this way the grid structure is evaluated with regard to the planning principles of distribution system operators. To enable
the grid analysis, the[DSOk grid data needs to be prepared to ensure correct calculations in[DNEPI In order to prepare a[DSO]
grid model for the requirements of the calculations in[DNEP|land to ensure a realistic representation of the grid, network
plans or existing grid models of the[DSOlhave to be reviewed and adapted. Furthermore, current planning statuses can be
taken into account in the preparation of the grid model. Typical input data for the preparation are:

- stations: Position, busbars per station, switchgear, equipment with circuit breakers and disconnectors
- line corridors: Location and length of existing actual line corridors, pre-planned lines and current line allocation

- Linesand transformers: Electrical parameters (resistivity, capacitance etc.) of current or possibly planned equipment,
technical restrictions (currents, voltages).

The prepared grid model represents the calculation basis for the subsequent calculations. On the basis of the grid model,
power flow calculations for grid snapshots of the supply task are enabled. The results of the power flow calculations are
currents in each line and voltages at each station.
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6.4 Distribution Grid Planning

To enable Distribution Grid Planning in[PlaMESla target grid planning approach will be used. This grid planning methodol-
ogy is used to automate the planning process within the Distribution Network Expansion Planning. It describes an efficient
way to facilitate long term strategic planning tasks in distribution grids. On basis of a long term prognosis of the supply task
an optimised target grid is developed using a static planning task. Such target grid planning is a good way of increasing
efficiency in existing network areas. A historically grown distribution grid can thus be restructured cost-effectively. This
approach will focus on the future integration of RES and new loads to the considered grid topology.

At first, a scenario for the target period is chosen in the planning process. In the next step, the grid model of the existing net-
work is adapted. Loads and feeder,s that have not yet been connected to the existing grid, are integrated and corresponding
time series are assigned to network nodes. On this basis, use cases, on which the grid will be expanded for, are defined. On
the grid model then the future power flow situation is calculated for the target year. The resulting power flows and node
voltages in the network are evaluated with regard to occurring network congestion (equipment overloads and voltage band
violations). This serves as a starting point for the subsequent determination of investment candidates which can then be
economically assessed ]

6.4.1 Nomenclature

The mathematical formulation is presented using several sets, parameters, variables and indices being defined in the fol-
lowing.

Sets

Following the Sets used in the formulation of the[DNEP/and the[DESAlare shown. All sets are defined by capital letters in
combination with an corresponding index.

Set Indices Description

Qg k,m Set of nodes

Qr |,km Set of Edges

Q; i Set of Investment Candidates
Qu u Set of Grid Snapshots

Qp p-,pt Setofgenerationand loads

Qr f Set of degree of operational Freedom
Q¢ g Set of Crids

Qs s Set of Scenarios

Qrp t Set of Timesteps

Qq a Set of Network Areas

Table 6.1: Sets used within the formulation of the[DNEPland[DESAlmodel.

2. Leon Thurner, “Structural Optimizations in Strategic Medium Voltage Power System Planning” (PhD thesis, University of Kassel, 2018).
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Parameters

Parameters are described by capital letters or by greek letters used in the literature for corresponding variables.

Parameter Description

a Annual discount factor
C Cost coefficient

n efficiency factor

Table 6.2: Parameters used within the formulation of the[DNEPland[DESAlmodel.

Variables

Variables are indicated by lower case letters. To distinguish between continuous and binary variables, binary variables are

characterised by the letter x.

Variable

Description

TR TR R DT

Active power

Reactive power

Voltage angle

Expansion status (binary variable)
operating variable

voltage variable

active conductance

susceptance

Table 6.3: Variables used within the formulation of the[DNEPland[DESAlmodel.

Indices

Indices are used for specifying the parameters and the variables shown above.

Indices

Description

+, -
max, min
0

gs

9]

Ct

Cgs

In

In

Iy

increase, reduction

maximum value, minimum value
initial state

grid storage system

line cost

transformer cost

grid storage cost

new transformer

new line

line reinforcement

Table 6.4: Indices used within the formulation of the[DNEPland DESAImodel.

6.4.2 Scenario

To have a detailed approach to adequately develop a scenario for the Distribution Network Expansion Planning the Decen-
tral Energy System Disaggregation and Decentral Energy System Operation acts as basis for the allocation of generation

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 863922.
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and load within each network area. On the basis of the future supply task the scenario describes the long term prognosis on
which the strategic grid planning will be carried out.

p;k'5=Pel.load,t,s,k VteQr,Vse Qg Vke Qg (6.1)
p;k'S:Pel.gen,t,s,k VteQr,VseQg, Vke Qg (6.2)
Pelioad,t,s,k Pel.gen,t,s,k € 2Py, (6.3)

6.4.3 Grid Snapshot Definition

To define the energetic parameters to adequately evaluate the network expansion, in practice typical network use cases
are defined. These use cases consist of load and generation patterns at each node in the grid model and thus represent
supply tasks of the network. This step is crucial to limit simulation time in the planning problem. Typical use cases will be
defined in[PlTaMESIby evaluating decentral operational planning for each time step in the target period including all electric
generation and load units. The resulting grid utilisation enables the clustering of relevant time steps which can be used for
the following grid planning process. This process can involve techniques such as down sampling or heuristic approaches of
clustering extreme periodsE] In a further step, this temporal aggregation is used to define grid snapshots to be used in the
subsequent planning process.

PZkEPt,k,s VieQr,Vse Qs Vke Qg (6.4)

6.4.4 Formulation of Planning Methodology

For the automated target grid planning approach in the Distribution Network Expansion Planning the Electric Grid Topol-
ogy and operational constraints need to be integrated into an economic objective within the formulation of the planning
Problem[f]

Objective Function

The objective function is to minimise the sum of the annuity costs of investment measures and the approximated operating
costs:

min CTOTEX _ -CAPEX | ~OPEX 6.5)
CAPEX:
Cost of investment candidates
CPEX () =a;- Y cfzf-x,- (6.6)
iEQ]
OPEX:
Operational Cost of grid infrastructure.
COPEX _ cOPEX,M Z CtOPEX,o + C?PEX,F 6.7)
teQr

3. Leander Kotzur et al., “Impact of different time series aggregation methods on optimal energy system design,” Renewable Energy 117 (2018): 474—
487,1SSN: 09601481, d0i:10.1016/j .renene.2017.10.017,

4. Simon Koopmann, “Planung von Verteilungsnetzen unter Beriicksichtigung von Flexibilitdtsoptionen” (PhD thesis, RWTH Aachen University,
2016); Thurner,|“Structural Optimizations in Strategic Medium Voltage Power System Planning)”
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OPEX Maintenance:
Cost for repairing and maintaining the grid infrastructure.

COPEX,M (1 _ y CtOPEX,O(U,Q) X ©6.8)
teQr
OPEX Operation:
Costs for the procurement of network losses.
COPEXO(1,0) = COPEXIOS () 3" 3" Piem,1(14,0) + P (1,0) (6.9)
keQg meQg

OPEX Flexibility Options:
Costs for the use of grid flexibility options.

COPEX,F(y) Z COPEX F
feF

(6.10)

v

The optimisation problem comprises as decision variables the possible investment measures x (investment variables), the
operational degrees of freedom through flexibility options y (operational variables) as well as the grid state variables v
(voltage amounts) and @ (voltage angle). The investment and operating costs depend on the characteristics of these vari-
ables.

The investment costs are the sum of the investment costs of all selected individual measures x; in the grid area. Quantity Q
is the quantity of all possible investment candidates, which include investments in grid expansion projects as well as invest-
ments for the connection of grid flexibility options. Each investment measure x; is associated with individual investment
costs CZQ’. In order to achieve comparability between investment costs with long-term effects and annual operating costs,
the investment costs are converted to annuity costs using the annuity factor a;.

The operating costs are made up of three cost components. Costs for the repair and maintenance of grid assets, costs for
the procurement of network losses and costs for the use of flexibility options. Additional maintenance and repair costs are
only incurred for investment measures that have actually been carried out. Therefore, there is a direct dependency on the
investment variables x;. The costs for the procurement of grid losses depend on the grid utilisation (power flows p,; via
the line km in time step t) and thus on the grid state variables u and 6 for all time steps ¢ of the grid snapshots considered.
The costs for the use of flexibility options C?fEX ¥ are determined by the extent to which flexibility is used. The extent of
flexibility usageis represented by the operatingvariable y. The quantity Qr comprises all degrees of freedom that represent
the use of flexibility options in network operation atevery time step ¢ in Q7. These degrees of freedominclude, forexample,
the regulation of reactive power through cos(¢p) or selected injection and withdrawal capacities of grid storage systems.

Every intervention in the operation of the system causes technology-specific and time-dependent costs C?PEX F

The investment variables x; are integer variables, as each investment candidate can only be carried out in full or not at
all (e.g. the construction of a transformer). Operating variables, on the other hand, are defined as continuous within the
respective technical limits.

6.4.5 Topological and Operational Constraints:

The topological and operational constraints of the Distribution Network Expansion Planning can be grouped into the fol-
lowing categories.

- Operational Constraints
- Operational Flexibility Constraints

- Technology Constraints
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Operational Constraints

To enable the network expansion planning to consider the technical limits of the assets in the grid, voltage band, voltage
angles or maximum transmittable power have to be formulated as grid constraints. The grid constraints apply to all lines
and grid nodes of existing grid infrastructure as well as for investment decisions in additional grid assets. Compliance with
the technical limits of network operation permitted for network planning is formulated subsequently. For each time step
t of the grid snapshots, the permissible voltage bands and voltage angles as well as the maximum transmittable power
of the equipment must be kept. This applies to all lines and grid nodes in the existing network as well as to all additional
grid assets added through investment decisions. This results in restrictions for the network state variables. The following
formulas represent the constraints, where the set Qg comprises all network nodes and the set Q; all edges (i.e. lines and
transformers) of the network model. p; i, and gy, i represent the active and reactive power flows on the lines:

VI < < VY Ve Qr, Ve Qg (6.11)
O™ <9, <01 VteQr,VkeQg (6.12)
P2 im* ek < (Sa¥)? YieQr,VkmeQ (6.13)

In this regard, S refers to the complex power. The dependency between voltage v and angle 8 as well as active and reactive
power flows is given by the non-linear power flow equations.

Ptim = V?,kgkm — Uik Vem - [8kmCOSO1 km) + bmSinOpkm)] Vi€Qr,VkmeQy (6.14)
qikm = _Vik(bkm +8km) + Uik Vem [PkmC0SO km) — 8kmSinOpxm)] Vi€ Qr,VkmeQy (6.15)
Pek=Vek Y., Utm®|Gkm€0SOpkm+Bemsin@rpm] VieQr,Vke Qg (6.16)
meKj
ek =Vek Y. Vim|[GkmSin@Opkm— BemcosO@rpm] VieQr,Vke Qg 6.17)
meQKk

With:et'kmzet,k—gt'm (618)

8xm represents the active conductance and by, the susceptance of the line from node k to node m.Gg,, and By, are the
corresponding elements of the node admittance matrix. The set Qk, comprises all network nodes that are connected to
the node kviaa line. The active power p; ;. or reactive power g, ;. fed in at each node corresponds to the sum of all active or
reactive power flowing out via the connected lines. The power fed in at each node is the sum of all feeds minus all loads.

Operational Flexibility Constraints

The usage of grid technology options and grid asset flexibility are subject to technology-specific restrictions. These are re-
flected in the constraints for the operating variables y. The limitation of operating variables also depend on the chosen
investment candidates. For example, the use of flexibility options is only possible if the corresponding measure x; is se-
lected for the application of flexibility. For grid storage systems, the limits of the operating variables also depend on the
selected storage size. The connection between investment and operating variables is formulated in general terms in the
following formulas.

y}’j;'”syf,tsy;leerQF,teQT (6.19)

Vit = np OV eQp teQr (6.20)

vl =0V fEQp teQr (6.21)
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Here y’”’” and y?mx denote the upper and lower limits for the variable of the operational degree of freedom f at time ¢.
Both the upper and lower limits for each operational variable are a time and technology dependent function n¢,; (x) oy, (x)
of the vector of the investment variable x; and illustrate the dependence on the investment decision.

Technology Constraints

Conventional grid expansion measures include the construction of new transformer stations, transformers, overhead lines
and cable circuits on new corridors. Reinforcement measures include new line construction in existing corridors and an ex-
change of transformers and other equipment. The typical expansion measures are identified through power flow analysis
and converted into suitable investment candidates for the optimisation process on the basis of various criteria. The rein-
forcement of existing lines or the replacement or addition of a transformer describe the basic approach in the Distribution
Network Expansion Planning. Expansion and Reinforcement Candidates Constraints describe the technological and opera-
tional constraints to be taken into account. The following constraints are formulated.

- New Reinforcementand New Lines
- New Transformer
- Grid Technology Options (Grid Storage System)

The investment in a new line, in a new transformer or a line reinforcement has to comply with the operational constraints,
previously described. For the grid storage system additional operational constrains are formulated.

Line Reinforcement and New Lines:

To eliminate a network congestion, there are two options on lines. One possibility is to reinforce only individual existing
lines. Reinforcement implies replacing existing lines or laying a new parallel line. In this approach all lines in all outgoing
feeders, in which equipment overloads or voltage band violations were determined in the power flow analysis, are defined
as candidates for reinforcement. The other possibility is the investmentin a new line on a new line corridor. To consider new
line corridors the grid topology has to be.

The investment to a line reinforcement is depending on it’s length d. ,,.

Cr=cl dymvkmeQg,icQ; 6.22)
Clr=Clr - di ¥k, me Qi €Qr (6.23)

The respective investment cost in the objective function results in:
c¥=chvieq, (6.24)
cH=chvieq; (6.25)

New Transformer:
If a transformer has inadmissible loads according to the power flow analysis, an additional transformer or the replacement
of the transformer is determined as an investment candidate.

The investment to a new transformer is depending on it’s installed rated power P,’;"”’m.

CM=Clr P ke Qy,ieQ (6.26)

1

The respective investment cost in the objective function results in:

CH=CivieQ; (6.27)

1

Grid Technology Options:
Grid technology options are taken into account to reduce the classical network expansion measures. This approach follows
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the directive of primarily consider network operation enhancements before expanding or reinforcing network infrastruc-
ture. The operational grid technology options includes cos(¢p)-control and Q(V)-control as reactive power management
solutions as well as Voltage Regulated Distribution Transformer which automatically adjust the transmission ratio
betweenvoltage levels.[VRDTk are equipped with an integrated on load tap-changers and are able to adjust the transforma-
tion ratio between the high and low voltage side in small steps under load. Due to this decoupling of the voltage levels,the
[VRDTImakes it possible to use the complete voltage band with a voltage quality in accordance with the standard. Grid tech-
nology options are taken under consideration within grid analysis to determine the investment candidates. In this regard
the Grid Storage System is described in further detail.

Grid Storage System:

Grid storage systems can both feed power into the grid and draw power. Correspondingly, modelling is performed using
decisionvariables forcharging p;}fs anddischarging p:’kgs pertimestep tand grid node k. SOC refersto the state of charge
of the battery. Since electrical storage devices are connected to the grid via inverters, there are also degrees of freedom with
regard to the provision of reactive power. Therefore, the reactive power supply can be modelled as a further decision variable
quc per time step.

Limitation of the charging and discharging capacity by the installed capacity:

-,8s max,gs
0<p, 8 <P (6.28)
0<p; 8 <p"® (6.29)
Limitation of the provision of reactive power:
q%), = p& - tan(@%) (6.30)
PSS tan(¢f’) < g¥) < P - tan (@) (6.31)
with: tan((pis) = tan(arccos(cos(<p‘zs))) (6.32)

Limitation of the storage level between the minimum and the maximum permissible state of charge:

. t
SOC’gs,mm < SOC’%S,O +1/np- [Z p;,](cgs_n;,gs _ p:’,kgsln;,gs < SOC;gs,max (6.33)
7=1
The investment to a grid storage system is depending on it’s installed capacity P,Z'mx’gs.
CE =CE- P8 VkeQx,ieQy (6.34)
The respective investment cost in the objective function results in:
C=C¥Vieq, (6.35)

The investment candidates are automatically determined by the procedure in accordance with the criteria described above.
In addition, the user of the procedure can manually define further expansion projects as investment candidates.
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Chapter7

Decentral Energy System Aggregation

While modelling central structures, the Decentral Energy System also needs to be considered. The granularity and complex-
ity of the energy system grows with the depth of detail and hence the requirements for the central modelling in[PIlaMES]
Therefore an interface between the Central Energy Systems and the Decentral Energy System is required. The Decentral
Energy System Aggregation focuses on providing an economic impact assessment on decentral energy system structures.
To enable the Central Energy Systems to take the cost of the integration of electric generation and load technologies into
account, the Decentral Energy System Aggregation will provide the aggregated cost of multiple considered areas. The De-
central Energy System Aggregation will act as a streamline for multi-sectoral and infrastructural parameters to picture the
underlying area of each Decentral Energy System considered in the Central Energy Systems.

7.1 Decentral Energy System Topology

The Decentral Energy System Topology in the Decentral Energy System Aggregation is modelled in a way to enable the
feedback of future energy scenarios on regional level to a transregional planninginstance. This requires georeferenced data
handling for multiple regions to capture the heterogeneity of decentral energy systems.

7.1.1  Network Areas

Toenable the modelling of the spacial distributed generation and loads in different areas and grid voltage levels to simulate
the impact of future scenarios on multiple decentral energy systems, the modelling and definition of network areas is nec-
essaryE]In this approach network areas are defined to enable the modelling of synthetic grid infrastructure in the respective
areas. The modelling of network areas and synthetic grid infrastructure enables the allocation of electric loads and genera-
tion capacities to the modelled voltage levels. In this way an meaningful aggregation of the impact of integrated new load
and generation capacities to the Decentral Energy System is enabled.

The modelling of network areas goes along with the electric grid infrastructure and uses open source data which is available
especially through OSME]Network areasare modelledinthree levels, the sub-transmission level, the medium-voltage level,
and the low voltage level. To model the sub-transmission level the EHV/HV-substations at first need to be identified. These
substations function as interconnection between the Central Energy Systems and the Decentral Energy System in[PlaMESl
Once the EHV/HV substations are identified and allocated geographically the underlying areas associated to the EHV/HV
substation have to be identified. Toidentify the associated areas to the sub-transmission level, the HV/MV substations need
to be geographically allocated, as well as the MV/LV substations. While this step happens under data scarcity substations
are also allocated heuristically if necessary. Once the substations are allocated geographically, community boarders (of i.e.

1. Ludwig Hiilk etal., “Allocation of annual electricity consumption and power generation capacities across multiple voltage levels in a high spatial
resolution: 79-92 Pages [ International Journal of Sustainable Energy Planning and Management, Vol 13 (2017) / International Journal of Sustainable
Energy Planning and Management, Vol 13 (2017),” 2017, d0i;10.5278/IJSEPM.2017.13.6,

2. OpenStreetMap contributors, Planet dump retrieved from https://planet.osm.org, https://www.openstreetmap.org, 2017.
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postal code or community areas) function as boarders of the network areas. To aggregate areas from the low-voltage level to
medium-voltage level a suitable procedure is the application of the Voronoi-Method. The underlying areas are aggregated
and assigned to the superordinate substation. The same procedure is used for the aggregation of medium-voltage areas to
sub-transmission areas which then are assigned to the EHV/HV substation and therefor the interconnection pont between
the Central Energy Systems and the Decentral Energy System. The georeferenced areas and the data available for the areas
enable spacial aggregation in the modelling approach presented.

HV Network Area

Plames

A MV Network Area

Figure 7.1: Network Area modelling in[PIlaMES]

7.1.2 Electric Distribution Grid

The Electric Distribution Crid is modelled for all defined Network Areas. Since data of electric distribution grids is not pub-
licly available, the electric distribution grid needs to be modelled synthetically. The approach using the defined Network
Areas enables the simulation of Decentral Energy Systems for a Central Energy Systems Planning under data scarcity. While
for most of the transmission and sub-transmission systems in Europe already network models exist (either open-source or
within the institutions working on this project) the electric distribution grid (medium-voltage level and low-voltage level)
has to be modelled without real network data available.

Therefore synthetic distribution grids representing the status quo supply task are modelled and assigned to the defined
Network Areas to represent the regional heterogeneity of the distribution grid.

7.2 Decentral Aggregation Methodology

The Decentral Energy System Aggregation will focus on determining a cost indicator for the integration cost of decentral
generation and load technologies on the decentral electric grid infrastructure. In this regard the Central Energy Systems
optimisation process includes the cost of dispatch decisions and therefor future supply tasks on decentral electric grid in-
frastructure in the central planning process. Requirement for the indicator is to include regional resolution, multi-energy
technology integration scenarios on basis of regional integration potential and the respective economicimpact assessment.

7.2.1 Planningand Operation Principles

Like in the Distribution Network Expansion Planning a planning variant is valid if it enables safe and reliable grid opera-
tion. In order to guarantee this as well in the Decentral Energy System Aggregation, there are various technical criteria and
boundary conditions within the framework of grid planning. This involves the system to be designed to ensure normal op-
eration as described in[6.2
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7.2.2 Energy Scenarios

The approach to adequately develop a scenario for the Decentral Energy System Aggregation, the Decentral Energy Sys-
tem Disaggregation and Decentral Energy System Operation in Chapter[4land Chapter[5|acts as basis for the allocation of
generation and load. Since synthetic network models will be used, multiple possible allocations of electric generation and
load within a synthetic network have to be considered. On the basis of the future supply task within a considered grid area
one energy scenario in the Decentral Energy System Aggregation describe the possible future supply task on which a strate-
gic grid planning can be carried out. As well as in the Distribution Network Expansion Planning the future asset structure
needs to be considered within the scenario creation. The asset structure for the synthetic grids will match the average asset
structure of the areas covered by the Central Energy Systems Planning.

p;k,g:Pel‘load,t,s,k VieQr,Vse Qg Vke Qg (7.1
p;k,SZPel.gen,t,s,k VteQr,VseQgs, Vke Qg (7.2)
Pel.load,t,s,k» Pel.gen,t,s,k € QPs,k,[ (7.3)

7.2.3 Grid Snapshot Definition

For the Decentral Energy System Aggregation the energetic parameters to adequately evaluate the network expansion are
derived in a similar way to the Grid Snapshot Definition within the Distribution Network Expansion Planning. The typical
use cases will be defined by automatically evaluate grid operation for each time step in the target period. Since the process
of the grid snapshot definition within the Decentral Energy System Aggregation will be automated, the level of detail given
to each considered[DES|can not be as granular as the process in the Distribution Network Expansion Planning.

kaEQPz,k,s VteQr,Vse Qg Vke Qg (7.4)

7.2.4 Network expansion and network reinforcement

The network expansion and reinforcement measures in the Decentral Energy System Aggregation include the same expan-
sion measures as formulated in Distribution Network Expansion Planning. For[DESAlthe reinforcement measures include
as well new line construction in existing lines and an exchange of transformers and other equipment. The approach to de-
termine network expansion and reinforcement candidates to be taken into account in the planning approach is the same as
in the Distribution Network Expansion Planning.

7.2.5 Grid Planning Methodology

To automate the grid planning procedure in the Decentral Energy System Aggregation the target grid planning approach
developed in the Distribution Network Expansion Planning will be executed on the basis of the energy scenarios and grid
snapshots on the synthetic grid models. The approach follows the mathematical formulation in|6.4

The objective function is to minimise the sum of the annuity costs of investment measures and the approximated operating
costs as well as in the Distribution Network Expansion Planning approach but for multiple grids g in Qg:

min CgOTEX — CgAPEX + CgPEX (7'5)
CAPEX:
Cost of investment candidates.
Q
CgAPEX(x) =a;- ), ¢ x (7.6)
1€Q)y
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OPEX:
Operational Cost of grid infrastructure.

CgOPEX: CgOPEX,M+ Z C?gEX,O+Ct?§EX,F (77)
teQr

OPEX Maintenance:
Cost for repairing and maintaining the grid infrastructure.

CgPEX,M(x): Y C%DEX'O(U,H)-X;’ (7.8)
teQr

OPEX Operation: Costs for the procurement of network losses.

CgPEX'O(y,B)=C§PEX’loss(x)- Yo Y Pkme(0,0) + Pk, (v,60) (7.9)

keQg mGQKk

OPEX Flexibility Options: Costs for the use of grid flexibility options.

CgOPEX,F(y) =y C}(ngX,F Vi (7.10)
feF

The constraints for the planning process in[DESAlfollows the same conceptual structure as in[DNEPL To ensure solutions for
the aggregation the[DNEPlapproach might be simplified.

7.2.6 EconomicAssessment

The Economic assessment for multiple scenarios and automated target grid planning on the synthetic grid infrastructure
in the Decentral Energy System Aggregation approach enables the derivation of a cost factor for each area and scenario.
Since spatial aggregation and clustering of typical network areas might be necessary to keep acceptable calculation times,
extrapolation of costs will be the means of choice.

CodTH¥ =% i vgeQq, acQy ¥seQs 7.1
gEQGA

7.2.7 Indicator for Central Energy System

As described, the streamline process should result in indicators for each area, which represent the integration costs of the
installed capacity for each technology considered in the Central Energy Systems on the electric distribution grid. These
indicators then enable the optimisation process in the Central Energy Systems to consider the cost of the integration of
technologies to the existing decentral infrastructure.

Clndicator - ngTEXVa €Q,VseQg (712)

Inorderto ensure the adequate representation of the impact of technology integration in decentral structures this indicator
has to reflect multiple technology dimensions and the respective integration cost. While the integration of wind power
plants may resolve in higher expansion costs in the electricdistribution grid, the use of flexible technologies such as storage
systems reduces the costs.[DESAlprovides the possibility to analyse multiple technology options and derives a cost indicator
for the consideration within the central planning approach in chapter[2]
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Chapter 8

Next steps

The target of this deliverable was describing the mathematical formulation and the functionality of the PlaMES tools. The
overall target - an integrated planning of multimodal energy systems - has been splitin six tools. Each tool can be run onits
own providing its own value but depends on each the other tools to be able to answer the research questions of PlaMES.

Inthe previous work, the optimisation problems have been described mathematically. Now, a prototype of the PlaMES tools
will be developed and implemented. Therefore, each tool will be implemented to be able to solve the explained problem.
Furthermore, the tools need to be coordinated. A workflow coordination and a shared database system will be developed.

The mathematical problems described in this deliverable have various mathematical problem structures. [CESland[DESOPI
are formulated as[LPlwithout of any binary variable. However, the problem structure and size of the problems may be big
when trying to plan large central energy systems, such as the European energy system or when planning large decentral
energy system consisting of more than 100,000 buildings.[TEPland[DNEP|are formulated as[MILPlwith a large set of binary
investment decisions. To reduce the complexity of solving those optimisation problems, solution methods and decompo-
sition approaches will be developed in Work Package 4 "Development of solution methods".
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Abbreviations

AC Alternating Current

CAPEX Capital Expenditures

CES Central Energy System

ccs Carbon Capture Storage

CHP Combined Heat and Power

M Coordination Mechanism

CTS Commerce, Trade and Service

DC Direct Current

DES Decentral Energy System

DESA Decentral Energy System Aggregation
DESD Decentral Energy System Disaggregation

DESOP Decentral Energy System Operation

DNEP Distribution Network Expansion Planning
DSO Distribution System Operator

EV Electric Vehicle

GEP Generation Expansion Planning
HH Household

HP Heat Pump

HV High Voltage

HVDC High Voltage Direct Current

LEM Local Energy Market

LP Linear Problem

v Low Voltage

MILP Mixed Integer Linear Programming
Mv Medium Voltage

MW Megawatt

MWh Megawatt-hour

OPEX Operational Expenditures

PlaMES Integrated Planning of Multi Energy Systems

PST Phase Shifting Transformer
PTDF Power Transfer Distribution Factor
PV Photovoltaik
RES Renewable Energy Sources
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SoC
TCSC
TEP
uc
V2G
VPI
VPP
VRDT
WPP

State of Charge

Thyristor Controlled Series Compensator
Transmission Expansion Planning

Unit Commitment

Vehicle to Crid

Virtual Power Injection

Virtual Power Plant

Voltage Regulated Distribution Transformer

Wind Power Plant
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