Electrical Power and Energy Systems 171 (2025) 111020

Contents lists available at ScienceDirect TRy

POWER
AND ENERGY
SYSTEM:

International Journal of Electrical Power and Energy Systems

journal homepage: www.elsevier.com/locate/ijepes

Check for

The impact of electricity network and generator models on the accuracy and |
computational efficiency of multi-energy system investment and operation
planning

Zhi Gao ¥, German Morales-Espafia > Madeleine Gibescu *“, Matteo Gazzani »-*
@ Copernicus Institute of Sustainable Development, Utrecht University, Utrecht, 3584CS, The Netherlands

Y TNO Energy Transition, The Netherlands

¢ Faculty of Electrical Engineering, Mathematics and Computer Science, Delft University of Technology, The Netherlands

d Sustainable Process Engineering Chemical Engineering and Chemistry, Eindhoven University of Technology, Eindhoven, 5612 AP, The Netherlands

ARTICLE INFO ABSTRACT

Keywords:

Energy system optimization
Power flow equations
Transmission losses

Unit commitment

As energy sectors become increasingly interconnected, selecting appropriate representations of physical
characteristics in energy system optimization models has become challenging. This study evaluates the
necessity of transmission and generator models by systematically excluding each one and assessing the impact
on objective values, solution time, and feasibility of the resulting system design. We apply this analysis to
two contrasting case studies optimizing the design and operation of: the IEEE 118-bus test power system and
a zero-emission multi-energy system of the Netherlands. Results show that modeling Kirchhoff’s Voltage Law
(KVL) and alternating-current (AC) transmission losses is essential for accuracy and feasibility. KVL prevents
unrealistic network loops; hence improving network utilization. Additionally, we evaluate two linearization
methods for the AC transmission losses. Our findings indicate that tangent-based linear approximations often
lead to infeasibility with three or fewer segments, whereas a piecewise-linear approach with at least two
segments ensures accurate and computationally efficient solutions.

1. Introduction a representation that balances accuracy with computational tractability

for planning and operation decisions in future energy systems [4,5].

To meet climate goals, major economies in the world are taking
steps to transform their energy systems to reduce the emission of
greenhouse gases [1,2]. In this rapid transition towards sustainable
energy systems, Energy System Optimization Models (ESOMs) have
gained widespread use as a tool for policy-making and decision support.

An ESOM consists of a set of parameters, equality and inequality
constraints that represent the physical nature of an energy system. By
adding an objective function that reflects the goals of the decision
maker (such as minimizing costs and/or greenhouse gas emissions
for optimal system investment and/or operation planning) and the
associated decision variables, the ESOM is cast as a mathematical
optimization problem. As in all models, the solution quality depends
on the level of detail of the representation. However, higher accuracy
often means higher computational costs, which may make a problem
unfeasible [3]. At the same time, with the ongoing integration of renew-
able energy sources, the emergence of hydrogen technologies and the
interdependence between energy sectors, building more comprehensive
ESOMs has become imperative for obtaining reliable and relevant out-
comes. Consequently, ESOM developers face the challenge of selecting

When it comes to ESOM representation, studies focused on power
system planning and operation are distinct from other, cross-sectoral
energy system models: The former put most modeling efforts on the
power generation and on the electricity grid, as seen in [6-8]. Other
energy carriers, if considered, are usually treated as a source of elec-
tricity generation or demand [9,10]. With such focus, ESOM studies
in the power system domain typically have more intricate descriptions
of the physical phenomena, mainly in electricity transmission and the
flexibility of generators. In terms of electricity transmission, power-flow
equations are often modeled in the simplified linear version (DC power
flow), which is necessary to retain linear programming. While various
ways of modeling the transmission losses are commonly adopted [11].
It has been shown that neglecting or oversimplifying these transmission
features can lead to infeasible grid planning [12]. Another standard
practice is to model the flexibility of thermal electricity generators,
including the ramp rate, discrete unit commitment, minimum output
level, and minimum up and down time [13]. More recently, researchers
also incorporated output trajectories of the unit start-up and shut-down
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Invested technology capacity
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Energy input
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Start up units
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Binary status of charging or discharging
storage

Stored energy

Electric line resistance

Electric line resistance per unit distance
Electric line reactance

Electric line reactance per unit distance
Maximum investment limit

Unit capacity

Minimum power output

Power output during start-up

Power output during shut-down
Minimum time up

Minimum time down

Power output on the start-up trajectory
Power output on the shut-down trajectory
Start-up duration

Shut-down duration

Maximum ramp-down rate

Maximum ramp-up rate

Investment cost

Investment cost per unit distance for trans-
mission lines

Generation cost

Start-up cost

Distance of line connection

Transport line capacity

Design lifetime

Loss coefficient of hydrogen pipelines
Efficiency

Area for wind turbines

Average area per wind turbine
Available wind power

14 Wind speed

SA Area for solar PV
Solar irradiance

c Self-dissipation rate of battery

€ Ratio of compression work to store hydro-
gen

D Discrete unit investment limit

Other symbols

P Active power

o Reactive power

14 Voltage magnitude

14 Transmission loss

m Slope

a Offset

h Height

h Reference height

NPV Net present value

FOM Fixed operation & maintenance cost factor

period [14]. While incorporating these detailed flexibility characteris-
tics can be computationally demanding, it often ensures the solution
quality in power system ESOM studies [15].

Despite their standard use in the power system domain, it remains
unclear to what extent power transmission physics and generator flexi-
bility characteristics need to be included in multi-sector ESOM studies.
This is a challenge because, when modeling multiple energy carriers in
hourly resolution for a chosen design year, even without intricate de-
tails, the solutions tend to be computationally expensive. For example,
a multi-sector ESOM applied to the French national system in hourly
resolution takes more than 60 h to solve [16]. In this case, none of
the transmission details and only ramp rate limits are considered for
thermal generation units. That being said, simplification methods in the
temporal aspects of ESOMs have proven their capability to reduce the
computational cost significantly while bringing only small errors to the
solution [17,18]. This opens up spaces for having a higher level of de-
tail in the technological aspect. However, to the best of our knowledge,
the computational costs and accuracy benefits of including the more
realistic power transmission and generator flexibility characteristics
in multi-energy ESOMs have not yet been investigated, despite their
ubiquity in the power system scientific community.

The necessity of including the power system characteristics faces an-
other layer of uncertainty when emerging energy technologies exhibit
greater responsiveness and flexibility. Consider hydrogen technolo-
gies as an example. Alkaline [19] and especially Proton Exchange
Membrane (PEM) [20] water electrolyzers can reportedly ramp up
to their full capacity within a few minutes with even faster ramp-
down capabilities [21]. Restarting their operation with a complete
system purge takes less than an hour [21,22]. Moreover, PEM fuel cells
are able to “cold start”, initiating from subzero ambient temperature
within 100 s [23], and can adjust their operational level in a few
seconds [24]. For ESOMs that are typically hourly-resolved, these hy-
drogen technologies are less constrained than the thermal power plants
to respond to temporal fluctuations of demand and available renewable
power. The balance of energy across different locations can therefore
be reinforced by adding a hydrogen network and associated conversion
technologies. Both the power output by the thermal power plants and
the power flow on the transmission lines may exhibit more stable
profiles when hydrogen-related technologies are present. Consequently,
the power system characteristics could make little to no difference
in the problem solution. The necessity of including power system
characteristics under such circumstances has not yet been analyzed
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Fig. 1. Methodology of determining the necessity of power system characteristics in this study.

and can be subject to debate. Thus, it becomes crucial to evaluate
and compare different modeling approaches in ESOMs. When looking
at existing scientific literature, while numerous studies assess tech-
niques in time-series aggregation, such as [25-28], only a few studies
offer comparative evaluations of the modeling approaches concerning
physical details of the power grid and associated energy conversion
technologies.

For example, Helisto et al. [5] analyzed the impacts of both time-
series aggregation and operational details on investment planning.
They emphasize capturing cross-sectoral interactions when selecting
modeling approaches. Nevertheless, the results are based on case stud-
ies that neglect the power grid and relevant constraints. Priesmann
et al. [29] provides a comprehensive review of model simplification
approaches, including the time horizon and resolution, electricity grid
transmission loss, spatial resolution, and plant clustering in the net-
work, among other operational details. However, their analysis is pri-
marily focused on power systems and lacks consideration of interac-
tions with other energy sectors. Furthermore, the study considered an
approximation of the transmission loss and omitted Kirchhoff’s Voltage
Law (KVL), which, next to Kirchhoff’s Current Law (KCL) and Ohm’s
law, forms the basis of the AC power-flow principles.

On the other hand, Neumann et al. [12] compared linear approxi-
mations to the electricity transmission loss with and without KVL, using
an EU-wide power system model. Their findings underscore the indis-
pensable nature of KVL in modeling the electricity network. Interest-
ingly, they demonstrate that linear approximations with as few as three
pieces suffice for accurately modeling the quadratic transmission loss.
Yet, it is worth noting that their study focuses on optimizing the invest-
ment and operation of the power sector with local hydrogen storage.
They do not consider the possibility of a hydrogen network alleviating
electricity grid congestion and providing additional flexibility.

Other than the network details, Wuijts et al. [3] conducted a com-
parative study on modeling the generator unit commitment. The study
presents linear formulations and simplifications of the unit start-up
and shut-down, minimum up- and downtime, ramp rate limits and the
cost function, as well as their impacts on the computational cost and
solution quality. Using a series of cases, they identify two prospective
simplifications, namely a single-piece linear technology cost and the
linear relaxation of the commitment variables. Other simplifications
are deemed harmful to the solution’s accuracy, regardless of their
reductions in computational cost. Nevertheless, the study has the lenses
also focused on power system cases.

For the planning of future energy systems featuring electricity grids
and true integration of multiple energy sectors, we lack evidence-
based reasoning in determining which physical details are essential to
model in detail and which can be simplified. Inspired by this research
gap, we put forward the methodology of this study, as illustrated in
Fig. 1. Firstly, we examine the importance of power transmission and
generator flexibility characteristics in the operation of the IEEE 118-
bus test system, which anchors the work in the classical power system

literature. Then we apply different combinations of modeling choices to
a multi-energy ESOM that addresses both the planning and operation of
a future electricity-hydrogen system for the Netherlands. We evaluate
the necessity of modeling each of the characteristics by assessing the
resulting system designs and computational costs when we remove the
characteristics one by one.

The novel contributions of this work are summarized below:

1. We systematically test the effects of using different modeling
approaches for the electricity transmission and technology char-
acteristics in both power and multi-energy system applications.

2. We evaluate the effects that the different approaches have on
the selection, sizing, and operation of different conversion and
storage technologies, and on the electricity and hydrogen grids.

3. We evaluate the effects that the different approaches have on
the solution quality, e.g., feasibility of designs obtained from
simpler models in the operation of more realistic ones, and on
the computational performance.

4. We investigate the role of different modeling choices to linearize
the quadratic electricity transmission loss.

The remainder of this paper is structured as follows. Section 2
introduces the model formulations used for power transmission and
generator flexibility characteristics. This is followed by elaborating on
the implementation of the characteristics and the design of a case study
in Section 3. Results and discussion are presented in Section 4. Finally,
the paper concludes with recommendations on selecting and modeling
the relevant physical characteristics in Section 5.

2. Formulation of physical characteristics in energy system opti-
mization

In the following, we discuss how certain physical characteristics are
traditionally included in linear (power) ESOM, more specifically: (i)
Kirchhoff’s voltage law, (ii) network losses, (iii) dynamic features of
generators in unit commitment. Prior to this, we start by presenting a
basic formulation of an energy system optimization problem. The full
formulation is a mixed-integer linear programming (MILP) model.

2.1. Basic formulation of an energy system optimization problem
2.1.1. Nodal energy balance

The energy balance holds for each node n, energy carrier ¢ and time
step 1.

1 1
Dyer= 2 (u=zwid= X Uutzw)

[eﬂinﬂow lELoutﬂow
ne ne
output input
+ Z ekrp - Z ektp VneN,ceC,teT D
kexQuput kexinput

where D, ., is the demand. Ci,“fo"" denotes the set of lines transmitting
carrier ¢ with the default direction arriving at node », and E‘;‘fﬂ"w is
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the set of lines leaving from node n. f, is the energy flow on line /
with its sign denoting the flow direction. Kgo™"" and K, are the
sets of technologies at node » that output and input energy carrier c,
respectively. ezﬁtp“t and e""put are the corresponding energy output and
input. NV is the set of geographical nodes, C the set of energy carriers,

and 7 the set of time steps.

2.1.2. Investment decisions

For HVDC lines and hydrogen pipelines that can be continuously
invested, the invested capacity « has a maximum value « for each line
l’

0<aq<w ViecPlurth )

The energy flow f on these transmission lines is limited by the invested
capacity « for every time step :

—q <fy<q VieLPlurhrer 3

For AC transmission lines that can only be discretely invested in, the
energy flow has a range of

-Fd < f,<Fd, viectirer ®

where F, is the fixed capacity of a transmission line, and d, € {0,1}
the binary investment decision We do not consider the investment of
parallel lines, due to the nonlinear effects on the line reactance.

For the thermal generation units that are built discretely, the integer
investment decision d; € N in the number of units has a maximum
limit. The invested capacity is then the invested units times the unit

capacity E,, which forms the upper bound of the generation output
output

e .
kit

0<e ™" < Ed, < E,d, Vkektheml jer (5)

There are also upper limits for continuous investments in the other
conversion (including generation) and storage technologies, which de-
cide their maximum energy output and input, given as

0<e P <o < Vkek\ k™l e (6)
0<eP <oy <7y VkEKTE T %)

2.1.3. Status of storage technologies
In terms of the energy storage technologies, their status can switch
between charging and discharging according to

Pt <@l —y) Ve KT e T (8)
P <@y, Vke KN reT 9)
where '™ is the energy input, ¢?"™" is the energy output, and y a

binary decision variable for the charging/discharging status. The stored
energy ¢,, is dependent on that of the previous time step and the
current energy input or output. At the first time step, this inter-temporal
energy balance is linked to the end of the horizon, i.e., the last time
step.

input output

Gy = =0 )by ) + ke, e Vk € K518 e T|t=1 (10)

input _output

e = =0y +mpe, . —e Vke KSR re Tt > 1 (11)

where o, is the self-dissipation rate of the battery system. 7, is the cycle
efficiency. For each storage technology unit, we assume that the storage

volume is proportional to the invested output (and input) capacity.
0< ¢, <EPRa, Vke K™% 1T 12)

where EPR,, is the energy-to-power ratio.
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2.2. Electric circuit laws: Kirchhoff’s voltage law

Kirchhoff’s Voltage Law is often overlooked among the power trans-
mission formulations in multi-energy ESOMs: Commonly adopted is the
energy balance (i.e., that the energy imported and converted must be
equal to the energy leaving and consumed at a given location, including
the losses), which in electric circuit theory translates to Kirchhoff’s
Current Law (KCL). By combining Ohm’s law with KVL, the AC power
flow equations give the active and reactive power flow P; and Q;; from
bus i to bus j for all three phases, if we assume symmetric loading, as,

X, ViV;sin(9; = 0;) + R;;[V2 = V;V; cos (6, = 0,)]

=3 (13)
1 2 2
R} + X}
X, /[V2=V,V,cos(0, —0,)] — R;;V;V;sin(6; — 0,)
Qij=3 i i L) 12! > ity 1 J (14)
R} + X[,

where V;, V; are the single-phase voltage magnitudes at buses i and j,
0; and 6, the bus voltage angles. R;; and X;; are the resistance and
reactance of the line between buses i and j, respectively.

Linearization is necessary to include this characteristic in large-scale
ESOMs with reasonable computational cost. According to the well-
known linear approximation of the power flow equations DC-OPF, we
can simplify (13)-(14) by assuming that the voltages at the buses have
similar magnitudes [30].

ViRV, =V (15)

The phase angle difference is small; therefore

sin (0, - 0;) ~ 6, - 0, (16)

cos (6, —0)) ~ 1 17)
Finally, the reactance is much larger than the resistance,

X;; >Ry 18)
Hence, the active and reactive power in (13) and (14) can be approxi-
mated to:

0,—0

;06—

= 19
ij

2
P; =3V —
ij

0, ~0 (20)

where XI.’;YJ is the per unit (p.u.) reactance between buses i and
and all voltages are assumed equal to 1 p.u. It should be noted that
the linearization of the power flow equations states that the active
power flow is dependent on the difference between voltage angles
and inversely proportional to the line reactance, as shown in (19).
Conversely, the reactive power flow is neglected and the voltage profile
is assumed flat across all buses in the network.

When we implement KVL in an energy system optimization prob-
lem, we use more generic nodes n instead of the buses. And we
represent (19) with
fi= % VI € £AC (21)

!
where f;, is the flow on line / at time step 7. n'(l) and n/(l) are the
starting and ending nodes of the line, respectively.

2.3. Electric circuit laws: approximations of AC transmission losses

The transmission loss can be derived as the difference between the
power sent and received along a network element, such as a power line
or transformer.

¥, =P, +P; (22)
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Fig. 2. Linear approximations to the quadratic AC transmission loss, top 3 figures showing the method using tangents, and the bottom 3 showing the method

by connecting the points.

Using the terms from (13), we have

W= N2y oy 6, -0, (23)
TR e

ij ij

Furthermore, we apply the assumption of similar voltage magnitudes
as in (15) and the following more accurate version of the phase angle
difference:

0; —9; >
cos (0, —0;,)~1~— — 24
The transmission loss in (23) becomes,
2 2
3Ry VA0,-0) 25)

iy~ 2 2
Rij +X i
Finally, using the same assumption as in (18) and plugging in the active
power in (19), the transmission loss becomes
R;;
~ 2 _ pPUp2
ij~ 32 Pij Rij Pij (26)
where R;’/U is the per unit resistance of the line between bus i and j
(under the same assumption of a flat, 1 p.u. voltage profile at all buses).
To retain the linear nature of the optimization problem, we ap-
proximate the quadratic term in (26) with a set of linear inequality
constraints, similar to the approach in [31]. First, the linearized trans-
mission loss on line / at time step ¢ is defined as a non-negative variable
y,; (therefore setting the lower limit):

v, 20 @7)

Second, the upper limit to y,, is assigned according to the maximum
power flow of the line F, from Eq. (26),

v, < RUF? (28)

These upper and lower limits must be complemented by additional con-
straints, which have the key purpose of giving y;, a more realistic value.
In general terms, this can be done by tightening the loss relaxation
between 0 and the maximum power flow (note that the constraints are
mirrored as the power flow can take both positive and negative values):

v, 2m,f, +a, Yo=1,2,...,w (29)

v, 2 —myf, +a, Yo=12,...,w (30)

where w is the total number of segments used in the loss approximation.
The terms m, and a, can now be found using two different approaches.

Here we substitute the two buses i and j with the connecting AC
transmission line /. One is using the tangents of the quadratic function
(26) as in [12]. The transmission loss at the end of segment v is

calculated as
¥)=RMECFR?  Yo=12..w0 (31)
n

Then the slopes and intercepts describing each of the linear segments
are:

av,
my = = ZRNE =12, (32)
dp, P=tF n
ay =) —m,=F,  Yo=1,2,...,w (33)
w

One problem with using the tangents is that, for small v, it either
leaves a region of lossless flows or it allows for a small loss at high flow,
as illustrated in Fig. 2. In the second approach, the tighter lower bound
can be identified by connecting the points on the quadratic function.
The slope in (32) turns into
) - -]  @u-DR'F

v F " Yo=1,2,...,w (34)

while the offset can still be calculated using Eq. (33).
2.4. Generator: cluster unit commitment with minimum output

The cluster commitment depicts the on/off status of a set of genera-
tor units. We consider that a power plant has identical units, whose
commitments are clustered together, as shown in [32,33]. The unit
commitment logic is given by

Uy = Upmy = Yy — 2y Yk € fothemal p e 7 (35)

where u;, is the number of units which are on during a given time
interval, y,, the number of units starting up and z,, the number of
units shutting down. For the generator power output, Gentile et al.
[34] provides the tightest representation, as follows. The power output
above minimum ¢éo"Put js

ées < (Ep — EDuy, — (B — SD)zy 1y — max(SDy — SU,, 0}y,
vk e kthermai Ty, = 1,re T (36)

Crs S (Ex — EDuy, — (Ep — SU )y, — max(SUy, — SDy, 0)z 4y
vk e kthermai Ty, = 1,re T 37)

b S (Ex — EDuy, — (Ep — SU Yk — (E — SDy)zy 441
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vk e kthermai Ty, > 1re T (38)

where ¢, is the power output above the minimum, E; and E, the
capacity and minimum level of power output, respectively. SD, and
SU, are the power outputs when a unit is shutting down and starting
up, respectively. TU, is the minimum uptime. The total power output
for a given unit and time interval is:

P = B+ 6y, Ve kKMl e T (39)

2.5. Generator: minimum up and down times

Once started up, a thermal generator needs to stay on for a certain
amount of time before proceeding to shut down, and vice versa. Fol-
lowing [34], we realize the minimum up and down time constraints of
a generator unit with

t

>y Sy, Vkexhemal g e Tu, 7] (40)
i=t=TUy+1
t
Yz <A ta) —uy, Vke kKt ;e [TD,,|T] (41
i=t—TDj+1

where TD, is the minimum down time, A, is the number of initially
installed units and «, is the number of additionally invested units.
Finally, T is the total number of time steps.

2.6. Generator: start-up and shut-down trajectories

In more detailed energy system optimization models, it is possible to
consider the power output during the start-up and shut-down processes
by applying the formulation given by [35]. In this case, the simple
expression in (39) is replaced by:

SUD, SDD;,
output __ SU SD ~
€ = Z E" Vi g-ivsup 41 + Z E"zp i1 + Equy, + 8y,
i=1 i=1

vk e fcthermal ; = 7 (42)

where SUD, and SDD, are the start-up and shut-down durations. E:U
and EED are the corresponding power outputs over the start-up and
shut-down trajectories.

2.7. Generator: ramp rate limit

The ramp rate denotes the speed with which a generator can change
its production over a given time interval. The ramp rate constraints
reflect the dynamics of thermal processes inside a unit and are given
by [14]:

ks~ 1 < RUEuy,  Vkeicthemal per (43)

— &+ 1 < RDEguy, vk e kthermal ;o 44

where RU, and RD, are the maximum ramp-up and ramp-down rates.
3. Case studies, implementation and solution feasibility test

In this paper, we formulate and compare energy system design and
operation planning problems. As shown in Fig. 1, we consider two
overarching case studies: the electric-only IEEE 118-bus test system
(IEEE 118-Bus) and the multi-energy, zero-emission NL with electricity
and hydrogen (NL-8-Node). The transmission network of IEEE 118-
Bus is pre-determined, while NL-8-Node is a greenfield design exercise,
meaning that there are consumption/generation nodes defined, but
they are not linked by pre-existing infrastructure. In both cases, we
implement the formulations presented in Section 2. Then we will
evaluate the necessity of each characteristic by removing it from the
complete formulation. Before that, we explain in this section the opti-
mization objectives of the two cases and additional descriptions of the
technologies, in the separate Sections 3.1 and 3.2.

International Journal of Electrical Power and Energy Systems 171 (2025) 111020

3.1. IEEE 118-bus test system

To examine the importance of modeling the transmission network
and generation flexibility characteristics for a power-only (electricity)
system application, we introduce the IEEE 118-Bus test system, which
features 118 buses linked by 186 AC transmission lines, as shown in Fig.
3 [36]. The test case was adapted to a generation expansion planning
problem in [14]. With the data imported from [14], the problem has a
time horizon of 24 h. While this time frame is short, it is sufficient for
our purposes, as the focus is on the differences in system design rather
than the design itself.

The network is characterized by 91 loads, 10 fast-start open-cycle
gas turbine (OCGT) plants, and 54 slow-start thermal plants using gas
(combined-cycle), coal, or oil. Additionally, there are 3 types of energy
storage systems, namely pumped hydro storage (PHS), compressed air
energy storage (CAES), and electric battery. 3 buses come with wind
power, with pre-determined capacities, 1272 MW in total. The total
average load of the system is 3578.6 MW, with a peak of 5117.5 MW.
Regarding further detailed data of this case, we refer readers to [14].

In this case, the transmission network is predetermined. Therefore,
the optimization aims at minimizing the sum of investment and linear
operational costs of technologies, and of start-up costs of thermal
generators, given as

: 1 O output
min E [Ckak + Z Ce € ] +
teT

>y, (45)

kek kekthermal re7

where C,I( is the investment cost per unit capacity. C,? is the linear
operational cost per unit output. C,fU is the start-up cost of thermal
generators. ¢, is the invested capacities. Lastly, 7 is the set of time
steps.

3.2. Multi-energy zero-emission NL (electricity+hydrogen)

The multi-energy system application is a self-sufficient, zero-emis-
sion national energy system designed for the Netherlands, consider-
ing two energy carriers, electricity and hydrogen. Compared to the
IEEE 118-Bus test system described in Section 3.1, here we conduct
greenfield investments of renewable energy technologies, hydrogen
technologies, and the transport infrastructure. We envisage that, due
to decarbonization policy, no thermal plants other than nuclear are
allowed to be built. The dataset of this case can be found in [37].

This case is adapted from [38], and consists of 8 geographical
nodes, of which 3 are off-shore and 5 on-shore, as shown in Fig. 4.
The geographical nodes are named after their relative positions, each
representing an area in the Netherlands and its exclusive economic
zone in the North Sea, on which the technologies can be built. The
dashed lines indicate potential electricity and hydrogen transmission
(pipe)lines. The distances of the connections are listed in Table A.1.
The transmission network is co-optimized as part of the problem. The
objective is then as in (45) plus the investment cost and fixed operation
and maintenance cost of transmission lines,

min Z [Cllcak + 2 C,?e:jtPUE] + z 2 CEUyk,, + Z Cla,  (46)
kek teT kekthermal reT lec

where K is the set of conversion (including generation) and storage

technologies, namely solar photovoltaic (PV) panels, wind turbines,

electrolyzers and fuel cells, nuclear plants, electric battery, and hydro-

gen tank. £ is the set of energy transmission lines for both electricity
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Fig. 3. Topology of the IEEE 118-Bus test system, adapted from [36]. Wind turbines are located at buses 33, 69 and 77.
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Fig. 4. Topology of the zero-emission NL 8-Node case study.

and hydrogen. To align with the basic formulation in Section 2.1.2, the
invested capacities of technologies that are discretely invested take into
account the unit capacity and the discrete investment decisions.

a=Fd,  vierht (47)

a = Ed, Yk e kcthermal (48)

For this case, we derive the investment cost parameters from ref-
erenced data. The fixed operation and maintenance cost, and the net
present value of the annualized investment cost are given by

. aL
cl= T1NPV,(1 +FOM,)

vieLr (49)

where C‘[I is the investment cost per MW per km of the line, Y, the
product design lifetime, NPV, the net present value ratio of the in-
vestment, and FOM, the annual fixed operation and maintenance cost
ratio. We assume a lifetime of 40 years for all line types. Table A.2
shows other relevant economic parameters. Similarly, we consider for
energy conversion (including generation) and storage technologies the
net present value investment cost together with the fixed operation and
maintenance cost, given as
Al

¢
cl= ?:NPVk(l +FOM,) VkeKk (50)

where 51{ is the investment cost per kW. The economic parameters of

these technology types are listed in Table A.7. The net present value is
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calculated as
(1+DF)Yi -1

NPV = = DF
1

VieLUK (G
where DF is the discount factor used throughout this case study. We

assume it to be 0.04.

3.2.1. Energy transport infrastructure

Between on-shore nodes, we allow building high-voltage alternating
current (HVAC) electricity lines. For these lines, due to the level of ab-
straction we adopt and the non-linearity between the line capacity and
its reactance, we consider only one standard line type with a capacity
of 1698 MVA [39]. We make effective the transmission characteristics
in (19) and (27) - (34) with the line properties in Table A.3, where
the R and X are the resistance and reactance per unit distance. We
then compute the line resistance and reactance as their product with
the corresponding distances. Discrete investment decisions of this line
type can be made, as given by (4).

As for the HVDC lines connecting off-shore nodes to nearby on-
shore nodes, we assume a fixed loss factor of 2%, aligned with reported
numbers [40]. As there is only one-directional flow from offshore to
onshore, we have equality constraints,

v = ﬁlfl,t

where y; is the loss, g, is the above-mentioned loss factor (2%) and f;,
the electricity flow in the HVDC line.

The transportation of hydrogen is only allowed onshore via dedi-
cated hydrogen pipelines. In order to compensate for pressure drops,
hydrogen pipelines require energy to sustain recompressions along the
line. We assume for this a linear relationship, and that the energy is
provided by using part of the hydrogen transported (similarly as in
natural gas networks). The loss is then given by

vi e £PC (52)

0<wy, <pF Vviech (53)
v 2hf, VieLhierT (54
v 2=Bf, Viettirer (55)

where £ is the set of hydrogen pipelines. f, is the loss coefficient
of the hydrogen pipeline, equal to 3.3E-5 (adopted from [41]). In

our study, we use 5 GW for the maximum capacity F, of hydrogen
pipelines, which fits in the range of 1 to 13 GW proposed in the
European Hydrogen Backbone report [42].

3.2.2. Renewable energy technologies

For solar photovoltaic (PV) panels and wind turbines that require
large areas, we consider the limits in the land and sea resources,
listed in Table A.4. The solar area is the total available rooftop area
distributed by the amount of built-up area on each node [43]. The on-
shore and off-shore wind areas are decided by evaluating the installed
capacities [44] and official plans for wind energy development in the
Netherlands [45].

Accordingly, the installed capacity of solar panels is limited by their
potential

0<a <nISTCSA, ) Vk € K& (56)

where 7, is the assumed constant PV efficiency. Here, we use 0.22,
which reflects the average level of current solar PV technologies [46].
IS™D js the irradiance at standard test condition, 1000 W/m?. SA,,, is
the solar area of the node, at which the PV panel is located. The power
output from the PV panel is dependent on the solar irradiance:

output

0<e ™ Sl VK€K 1T (57)

where I,,, is the solar irradiance of the node n(k) at time step .
Curtailment of PV panel power output is allowed.
Similarly, the capacity of wind turbines is installed within the
potential of their designated area,
E/(f) wind
0<a < —GWA) VkeX (58)
where E,? is the unit power capacity of the wind turbine. WA(,: is the
average area per turbine. And WA, is the area for wind turbines
at the node where the wind turbines are built. We assume that wind
turbines are placed on the vertices of squares. Therefore, WA? is the
square of the distance between two turbines. We use 400 m here, which
is aligned with practice when building wind farms [38,47]. We also
allow curtailment of the power output, which is limited by the available
power

0<e P < EMaly,  vke kv reT 9
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where Ez‘;a“ is the available wind power, derived from the wind speed
as

0 if Vn(k),t < chut-in
Vrim,x’vkmt-m} if cht»in <V < Vrated
Ezvaﬂ — Vkmtedz_vkcut-inj k = "n(k)t = "k Vk € med te T
t . s
1 if Vkrated < Vn o < chut—out
0 otherwise

(60)

where VkC“t'i“, Vkra“*d and V""" are the design cut-in, rated and cut-
out wind speed of the wind turbine, respectively. The values we use for
both on-shore and off-shore wind turbines are listed in Table A.5. V),
is the wind speed at hub height. This is converted from the wind speed
data using the 1/7th power law [48],

V(h) = V(h%(%)‘” 61)

where h¥ is the reference height of 10 m at the meteorological mea-
surement [49]. The hub height of 123 m is taken from the average of
available turbine models [38].

3.2.3. Hydrogen technologies

We include electrolyzers and fuel cells for the conversion between
electricity and hydrogen in the on-shore nodes. The electrolyzers con-
vert water to hydrogen and oxygen upon electricity provision, while
fuel cells operate in the other way round. Their energy output is limited
by the decision variable of installed capacity «,.,

0<e ™ <o, VkekuKkCreT (62)

where KEC and KFC are the sets of hydrogen electrolyzer and fuel cells,
respectively. Their energy conversion is then

e P = e vke KUK reT (63)
where ™" is the energy input and 7, is the conversion efficiency. We

use 0.58 for fuel cells [50] and 0.8 for electrolyzers [51].

3.2.4. Nuclear plants

To include dispatchable electricity generation plants while adhering
to a net-zero emissions system, we consider nuclear plants. More specif-
ically, we allow a potential of 4x 1570 MW nuclear plants at the S node,
where Borssele, the current nuclear power plant is located [52,53].
Regarding the dynamic behaviors of the nuclear plant, we apply the
generator characteristics in Eq. (35) - (44). The parameters are given
in Table A.6.

3.2.5. Energy storage technologies

We include the possibility of adding Li-ion batteries for electricity
storage, depicted in Eq. (8) and (12). We assume a round-trip efficiency
n, of 0.95, which is close to the reported values [54]. We use the value
1E-4 as the self-dissipation rate o, here, according to [55]. And the
energy-to-power ratio EPR; is 4.

For hydrogen storage, we assume no hydrogen loss during the
charging and storage processes. And an energy-to-power ratio of 3 is
applied. However, we take into consideration the compression work to
pressurize gaseous hydrogen for storage, given as

~input
&P

o Vk € KcHastorage = (64)

= €kl

where ¢, is the ratio of compression work to the energy content of
hydrogen stored. We use 5%, in accordance with [56]. é;c",put is the
compression work. The compression work is counted in the form of

electricity consumption by the technology.
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3.3. Implementation

The models for the two case studies are implemented using Py-
omo [57] in Python, while the optimization problems are solved with
Gurobi 10 [58] on a personal computer that runs on AMD Ryzen 7
4800H CPU with 16 GB of RAM. The RAM capacity is not exceeded
for any of the cases.

We use two ways to solve the two cases, as their complexity differs
drastically. The IEEE 118-Bus case can be solved directly. Whereas to
run the case study of self-sufficient zero-emission NL with hydrogen
in a reasonable amount of time, we couple the time steps in 4 design
weeks, instead of using a full-year horizon, similar to the approach put
forward in [17]. We use design weeks because the operation cycles of
the nuclear plants can exceed 24 h.

3.4. Feasibility test

Aside from examining the direct solution outcomes, we evaluate the
solution quality of the simplified cases by conducting a feasibility test
on the decision variables concerning capacities for the energy transport,
conversion and storage technologies. The feasibility test is done by
fixing the technology capacities, as provided by the optimal solution
of a simplified case, and formulating the optimization problem with
the reference case, which has the most detailed set of power system
characteristics. Note that this is not the same concept as the feasibility
of optimization solutions. The feasibility test, therefore, demonstrates
whether the simplified case would provide a system design that is likely
feasible to operate in reality. A negative result reveals defects in the
simplified case, even though it could be close to the more detailed
reference case in the other metrics mentioned above.

4. Results and discussion

In this section, we discuss the implications of different modeling
approaches in energy system optimization. First, we present the results
of the IEEE 118-Bus electricity-only system, where we solve a gener-
ation and storage capacity expansion planning problem. Second, we
discuss the multi-energy system, a more complex, greenfield design
involving generation, storage and transmission planning of a zero-
emission system for the Netherlands. The purpose of having these
two case studies is to examine the need for modeling the character-
istics that are commonly considered in the power system literature,
in both electricity-only and multi-energy applications. To identify the
combination of the energy system application and the characteristics
conveniently, we define an abbreviation code, which consists of a prefix
and a suffix, as listed in Table 1. The prefix represents the energy
system application. The suffix denotes the combination of network and
generator characteristics. By “unit commitment” in the table, we refer
to the set of characteristics consisting of clustered unit commitment,
minimum up and down time, and start-up and shut-down trajectories.
For the AC loss, the numeric codes, such as “10P” and “3P”, tell the
number of pieces used in the piece-wise linearization of the quadratic
loss. And “connect” or “tangent” means the linearization approach, as
provided in Eq. (27)-(34).

4.1. System capacity design

4.1.1. IEEE 118-bus test system

The results of the optimal system capacity designs of the IEEE 118-
Bus are displayed in Fig. 6. The capacities of technologies at each bus
are depicted with pies, where each color represents a specific technol-
ogy, and the size corresponds to the design capacity. It is important
to note that, in this case, the power generation from wind turbines is
predetermined and therefore not a part of the optimization problem.
To convey an understanding of the interactions among generation and
storage technologies, we illustrate their locations in the figure.
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Table 1
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Prefixes and suffixes denoting the combination of energy systems and modeling characteristics.

Prefix Case Relevant equations
IEEE- IEEE 118-Bus test system (1)-(12) (45)
NL8- Self-sufficient zero-emission NL with hydrogen (1)-(12) (46)-(64)
AC power transmission Thermal generator
Suffix Transport Loss Ramp rate Unit Relevant equations
model limit commitment
-ref KVL 10P connect v v (21) (27)—~(30) (33)-(44)
-EB Energy balance 10P connect v v (27)—(30) (33)-(44)
-lossless KVL lossless v v (21) (35)-(44)
-free_ramp KVL 10P connect X v (21) (27)-(30) (33)-(42)
-free_unit KVL 10P connect v X (21) (27)—(30) (33)—(34) (43) (44)
-3Pconnect KVL 3P connect v v (21) (27)-(30) (33)-(44)
-2Pconnect KVL 2P connect v v (21) (27)~(30) (33)-(44)
-1Pconnect KVL 1P connect v v (21) (27)-(30) (33)—(44)
-3Ptangent KVL 3P tangent v v (21) (27)—(30) (33)—(44)
-2Ptangent KVL 2P tangent v v (21) (27)-(30) (33)-(44)
-1Ptangent KVL 1P tangent 4 v (21) (27)-(30) (33)-(44)
W ccGt Coal W oil W occt W pHS W CaES Battery
e o cear e e ccGT
o °
Coal Coal
O L * e ° °
Y oil ® Oil
Py 0CGT ° 0CGT
® PHS ® PHS
@ ® ®
g (4 CAES \d (4 CAES
° °
e I\, Battery ® Battery
® L ]
®  Minimum 50 MW e ®  Minimum 45 MW [
. Maximum 300 MW . o . . Maximum 600 MW Lo .
(2) IEEE-EB - excluding KVL from the reference (b) IEEE-lossless - excluding AC transmission losses
model. from the reference model.
e o cear ® o CCGT
. °
Coal Coal
e ® * e ° ]
® oil o 0il
® - OCGT ® OCGT
® it PHS ® PHS
=] ® ®
b4 [ CAES °d ° CAES
° °
® Battery ® \ Battery
1 A ®
®  Minimum 41 MW . ®  Minimum 41 MW .
. Maximum 400 MW = @ . . Maximum 300 MW > 0 .

(c) IEEE-free_ramp - excluding ramp rate limits from (d) IEEE-free_unit - excluding unit commitment char-
acteristics from the reference model.

the reference model.

Fig. 6. IEEE 118-Bus test system generation and storage planning with different characteristic combinations.

The IEEE-ref in Fig. 5 provides the foundation for evaluating the
need for each characteristic. In this reference case, the system is pre-
dominantly powered by coal-firing power plants, with larger units
being constructed. In contrast, the capacity of combined-cycle gas
turbines (CCGT), open-cycle gas turbines (OCGT) and oil-firing plants
is smaller and more dispersed. Notably, battery units are deployed
at the buses where wind power is injected into the system, likely to
mitigate the fluctuating generation. Pumped hydro storage (PHS) and
compressed air energy storage (CAES) units are absent in this solution.

Fig. 6(a) shows the solution when we model the transport network
via the energy balance alone, thus omitting the electric circuit theory
constraints (KVL). Without KVL, the power flow on each line becomes
less dependent on the others. One consequence is the replacement of

10

large generators by smaller ones. The capacity of the large coal-firing
generator at bus 59, situated at the top right in the figures, is signif-
icantly reduced from 400 MW to 200 MW. Simultaneously, another
coal-firing generator is added at bus 62, center-right in the figure, and
additional coal-firing units emerge at bus 70, located around the center.
Examining the lower center of the figure, we observe that the coal-firing
generator capacity at bus 89 is transferred to bus 82, moving from a bus
with no local demand to one that has demand. We attribute this to the
avoidance of losses in inter-nodal power transmission, made possible
by removing the KVL constraints.

Moreover, the removal of KVL can increase the need for energy
storage. At bus 77 in Fig. 6(a), an extra PHS unit appears compared
to the reference case. We interpret this as an indication that, when
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Fig. 7. NL-8-Node system capacity design; reference model. Summed capacities of wind turbines (WT), conversion technologies (CT), and storage technologies

(ST) are indicated on each node in GW.

the power flow is not constrained by KVL, storage can function more
effectively in storing and distributing energy from other buses.

The solution of the lossless IEEE 118-Bus, presented in Fig. 6(b),
deviates significantly from the reference case. In contrast to IEEE-EB,
the lossless version exhibits more concentrated capacities for coal-firing
power plants. The generators at 9 buses (12, 18, 36, 46, 56, 59, 76,
89 and 104) are replaced by larger units at 5 buses: 10, 32, 49, 65
and 80. Upon reviewing the input data, it becomes evident that both
the investment and operation costs of the new units are lower. This
suggests that avoiding transmission losses in the reference case (where
losses are modeled in more detail) compensates for the more expensive
locally distributed generation.

As for IEEE-free_ramp, where the thermal generators can ramp up
or down freely, we observe in Fig. 6(c) the relocation of the coal-
firing generator from bus 55 in the reference case to bus 62. These two
generators have identical investment and generation costs. There is an
electricity demand with a peak of 875 MW from buses 54-60 and at bus
62, there is an additional demand with a peak of 106 MW. Therefore,
disregarding the ramp rate limits allows the three generators at buses
54, 56 and 59 (without the one at bus 55) to meet the demand in that
area. The generator is placed at bus 62 instead, to satisfy local demand
without incurring any transmission loss. In general, we consider the
impact of removing the ramp rate limits to be small in the IEEE 118-Bus
test system.

Similarly, when the unit commitment constraints are excluded from
the problem, as shown in Fig. 6(d), a 200 MW coal-firing generator
capacity is removed from bus 59, and an extra 100 MW is installed
at bus 62 in the optimal solution. This demonstrates that the 200
MW capacity at bus 59 is needed in the reference case because of the
unit commitment and its constraints on the power output, as well as
the minimum up and down periods. Removing the unit commitment
constraints leads to an underestimation of the required capacity. The
smaller generator at bus 62 is therefore introduced to fulfill the local
demand.

In conclusion, for the IEEE 118-Bus test system, network charac-
teristics play a more significant role in determining generation and
storage expansion capacities than the generator flexibility character-
istics. The application of KVL when modeling the network flows limits
the dispersion of generator capacity, while the presence of transmission
losses enhances the value of local generation. The ramp rate limit and
unit commitment constraints delineate the generators’ flexibility. Drop-
ping either of the two leads to some underestimation of the optimal
generator capacity.

11

4.1.2. NL-8-node

The result of the optimal system capacity design for the NL-8-Node
using the reference model is pictured in Fig. 8, based on the nodal
configuration outlined in Fig. 4. Energy conversion technologies (CT),
including wind turbines (WT), PV panels, fuel cells, electrolyzers and
nuclear plants are illustrated with a pie chart at each node. The annulus
surrounding the pie represents the system design of storage technolo-
gies (ST), namely Li-ion battery (light blue) and hydrogen storage (light
blue). The sum values of CT and ST, or WT on the off-shore nodes
are provided at the top corners of each node in GW. Transmission
lines between nodes are illustrated, and capacities of HVDC lines and
hydrogen pipelines are indicated in the nearby annotations.

In the optimal system design for NL8-ref in Fig. 7, conversion
and storage technology capacities are reasonably distributed across the
eight nodes. On the three off-shore nodes, wind turbines are installed
at the full capacities allowed by the spatial constraints due to their high
capacity factor. Connections from offshore nodes to onshore are smaller
than the wind turbine capacities, which is explainable given that the
available wind power is not always at peak generation capacity. There-
fore, building extra connection capacity has a diminishing value for the
objective of minimizing total system cost.

Moving to the onshore nodes, the capacities of conversion technolo-
gies align with the distribution of energy demands. Node M, with the
largest electricity demand, has the highest power generation capacity.
Node S hosts a substantial number of electrolyzer units to meet the
local hydrogen demand due to industrial electrification. Most hydrogen
storage is located at node N, the only node where salt caverns are
available for hydrogen storage.

Concerning the onshore energy transmission networks in the refer-
ence case, each node is connected to at least two hydrogen pipelines.
However, with the exception of node S, all nodes have a single AC
electricity connection, and notably, no electrical loops are formed. This
is due to the inclusion of KVL for HVAC lines. Defining the flow by
voltage angles prevents the formation of cycles, allowing the electricity
to flow freely within the line capacity. Otherwise, if we have cycles,
extra local generation capacity could be needed as the AC flows in
different lines will become interdependent, and therefore, transport
less.

Fig. 8(a) shows that, indeed, when KVL is ignored, cycles in the
electricity network are constructed. The flows are now free to vary
within the capacities, leading to considerably fewer conversion and
storage technologies at nodes M, ME and S. Hydrogen storage at node
N increases significantly, taking further advantage of the cost-effective
salt caverns. Furthermore, the absence of KVL strengthens the role
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Fig. 8. NL-8-Node system transmission, conversion (including generation) and storage planning with different characteristic combinations. Summed capacities of
wind turbines (WT), conversion technologies (CT), and storage technologies (ST) are indicated on each node in GW.

of electricity in the energy transmission infrastructure. Compared to
the reference, the hydrogen network of NL8-EB is reduced. Both the
fuel cell and electrolyzer units at node N are larger, indicating that
without KVL, more electricity is converted to hydrogen for storage, and
more hydrogen is converted back to electricity for transmission to other
nodes. However, such under-planning of the capacities is not feasible,
as discussed in Section 4.2.

Transmission losses bring implicit costs to energy transport. When
overlooked, the optimal solution tends to favor remote, yet more cost-
effective generation. In the NL8-lossless case shown in Fig. 8(b), the
battery storage capacity at node M significantly decreases, with mild
increases in hydrogen storage capacities at nodes N and S. By contrast,
energy conversion technology capacities and transmission networks do
not vary much from the reference case. Compared with NL8-EB in

12

Fig. 8(a), this means transmission losses have a lesser impact on system
capacity design than KVL.

On the other hand, generator characteristics do not influence the
system capacity design for the NL-8-Node system, as visible in Figs. 6(c)
and 6(d). The reason is that, in this system, the generator characteristics
are only applied to the nuclear power plants. From the optimization
solution, we see that the nuclear plants are consistently operated at
full capacity. This can be explained by its lowest levelized cost of
electricity among the generation technologies. We have not considered
the alternative to decarbonize traditional thermal plants with carbon
capture. However, they might perform similarly to the nuclear plants
in this case, acting as a base load when solar and wind capacities
have reached their limits, while the electricity grid and storage systems
handle the fluctuations.
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Solution time, objective value, and feasibility test results of different characteristic combinations.

Solution time

Benchmark

Objective value

IEEE NL8 IEEE NL8
-ref 14 h 16.6 h 49%x10% $ L1x 10" €
Difference in solution time Difference in objective value Feasibility test
Model IEEE NLS IEEE NLS IEEE NLS
-EB -78.2% —99.8% -0.2% -63.1% No No
-lossless -99.7% —88.3% —-0.9% —29.3% No No
-free_ramp -41.9% —18.4% -0.2% +0% Pass Pass
-free_unit —95.9% —63.2% -0.6% +0% Pass Pass
-1Pconnect —-69.7% -91.5% +1.8% -4.6% Pass No
-2Pconnect -91.5% -92.4% +0.9% +0.9% Pass Pass
-3Pconnect —67.6% —68.1% +0.5% +0.3% Pass Pass
-1Ptangent -99.1% -17.6% -0.8% -2.3% No No
-2Ptangent —96.0% —19.0% -0.5% —-0.8% No No
-3Ptangent -76.9% -42.8% -0.3% -0.3% No No
Specifications of the characteristics can be found in Table 1.
4.2. Effects on the objective value, solution time and feasibility of the system 6
capacity design I [EEE-ref
51 NL8-ref
The optimal objective values reflect the impacts on the system ca- o
pacity design. Table 2 shows that, for IEEE 118-Bus, all simplifications ‘é 4
provide good approximations of the objective value. Nevertheless, hav- R}
ing an accurate objective value does not guarantee the solution quality, 234
as IEEE-EB and IEEE-lossless give negative results in the feasibility test. £
This means that even with a fixed transmission network, the dislo- S 24
. L. . PR} kgl
cations and under-capacities of the generation and storage capacities ~
caused by the network characteristics pose nontrivial challenges to the 1
solution quality.
For NL-8-Node, Table 2 also confirms that the objective values of 0
. T T T T T T
NL8-EB and NL8-lossless deviate the most from the reference. These 0.0 0.2 04 0.6 0.8 1.0

designs turn out to be infeasible in the feasibility test. This implies
that the solution for NL-8-Node, which optimizes the transmission net-
work design alongside generation and storage, is more sensitive to the
AC power transmission characteristics than the IEEE 118-Bus, whose
transmission network is fixed. The difference in AC power transmission
is evident from Fig. 9, where most of the power flows in IEEE-ref
are below 20% of the line thermal capacities, while AC transmission
flows in NL8-ref are mostly over 60%. This also explains the peculiarity
observed in Table 2: the IEEE-1Pconnect produces a feasible system
design, while the NL8-1Pconnect does not. As shown in Fig. 2, the
1Pconnect approximation overestimates AC transmission loss below
75% of the line capacity and underestimates them above that threshold.
Combining with Fig. 9, in the IEEE-1Pconnect case, most per-unit AC
power flows remain well below 75%, resulting in only a slight (1.8%)
increase in the objective value. Whereas the NL8 has flows mostly
above 75%, leading to a 4.6% undershoot of the objective value. This
is caused by underinvestment in the capacities, ultimately leading to
an infeasible system design.

Unexpectedly, for both systems, removing any of the generator flexi-
bility characteristics does not lead to infeasibility or large discrepancies
in the objective value. What we observe is that for these two systems,
the on-off status of thermal generators does not change frequently, and
their output levels are mostly within the ramp rate limits.

Regarding the solution time shown in Table 2, the two systems
exhibit contrasting tendencies. Using EB or lossless approximations
significantly lowers solution times by more than 78.2% on both sys-
tems. However, the reduction by EB is stronger in the NL-8-Node than
IEEE 118-Bus. A plausible explanation is that IEEE 118-Bus does not
have options to change the electricity grid. Including KVL is more
computationally challenging for the co-optimization of transmission
and generation in NL-8-Node. Additionally, the difference in the impact
of ignoring losses can be attributed to the usage of the network. The
limited choices of generator and storage capacity for each bus in the
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Fig. 9. Probability density of AC power flow in IEEE-ref and NL8-ref.

IEEE 118-Bus test system mean that demands are satisfied by electric-
ity transmitted from other buses. In contrast, NL-8-Node supplies its
demands more locally, which can be seen by comparing the capacities
of energy transmission lines with those of conversion technologies.

The contrasting impacts on the solution time of the two systems
persist with the generator flexibility characteristics. The free_unit of
NL-8-Node experiences a 63.2% reduction of computation time, while
a 95.9% reduction is observed on IEEE-free_unit. This discrepancy is
plausible because, in IEEE 118-Bus, the system is predominantly com-
posed of thermal generators, whereas in NL-8-Node, only the nuclear
plants are modeled with unit commitments.

In terms of the ramp rate limit, its removal reduces solution time
more significantly in NL-8-Node than in IEEE 118-Bus test system. The
reason is that in IEEE 118-Bus, the ramp rate limit constraints are not
often binding, and the generators’ power output varies mostly within
the ramp rate limit. This is evident in Fig. 10, which displays the power
output ramp rate normalized by the generators’ limits. Even without
imposing ramp rate limits, most fluctuations in power output do not
reach limits. An implication is that other factors, like KVL and energy
balances, more frequently dictate the generators’ power output.

Summarizing the results above, we have provided evidence for the
ESOM designers when, generally, considering the inclusion of system
characteristics. This is because we find similarities between the two
drastically different case studies. Especially regarding the inclusion of
KVL and the AC transmission loss, we see from Table 2 that both
systems become infeasible without them. This is due to the relaxation
of the geographical requirement for the invested technology mix, which



Z. Gao et al.

International Journal of Electrical Power and Energy Systems 171 (2025) 111020

Normalized ramp

IEEE-ref

IEEE-free_ramp 0

-2
-4

Fig. 10. Counts of generator ramp rate normalized by

is relatively obvious in NL-8-Node (Fig. 8) and with critical minutiae
in IEEE 118-Bus (Fig. 6). Even for no-investment ESOMs, the relaxed
network can enable infeasible generation scheduling, which, if adopted
by a grid operator, would lead to economic losses and, to some extent,
increase the risk to grid security. Therefore, despite the significant rise
in complexity, reflected by the solution time, we strongly recommend
including them when building ESOMs. On the other hand, the generator
flexibility characteristics have smaller impacts on the solution quality;
hence, the additional computational burden they introduce must be
considered case-by-case.

4.3. AC transmission loss approximations

Including AC electricity transmission losses is decisive to the solu-
tion feasibility of both the IEEE 118-Bus and the NL-8-Node systems,
and it brings significant computational costs. In this section, we further
explore multiple simplifications. This is done by using the linear tan-
gent or quadratic connect methods previously described in Section 2.3,
with 1, 2 or 3 pieces to compare with the reference model, which uses
10 pieces.

The effects of these simplifications on the solution objective value
and feasibility are shown in Table 2. For the IEEE 118-Bus, the tangent
approximations up to 3 pieces result in infeasible solutions, despite the
high accuracy in the objective values. Revisiting the loss approxima-
tions in Fig. 2, as the number of pieces increases to 3, tangents do not
appear to be more inaccurate than the quadratic connect method, yet
it brings us infeasible solutions. We hypothesize that the key lies in
the “free region” encircled in red. When such a “free region” exists,
the modeled system can always transport cost-free a certain amount of
electricity from anywhere to anywhere in the system. This leads to an
infeasible system capacity design in the feasibility test.

Linearizing the quadratic transmission losses by connecting points
rather than drawing tangents also performs better for the NL-8-Node
case study. All tangent approximations give infeasible solutions again.
Also in the connect group, however, an infeasible solution occurs on
NL8-1Pconnect, i.e., when only one line is used. This is likely due to
the inaccuracy of 1Pconnect, especially with a large amount of power
flows close to the maximum capacity, as in Fig. 9.

When it comes to the solution times, connect approximations out-
perform the tangents. One explanation is that having the slope from the
origin, as visible in Fig. 2, gives one less vertex than the tangent, which
later helps in the solution process of the linear optimization problem.
Interestingly, we observe that the solution time decreases as the number
of tangent lines increases. It can be explained by the reduction in
the “free” flow region gradually strengthens the preference for local
generation, which reduces the complexity of the power transmission
decisions.

4
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its ramp rate limit in IEEE-ref and IEEE-free_ramp.
4.4. Limitations of this study

A limitation of this work is that the results are derived from two case
studies, though they are contrastingly different from each other. There
could be scenarios where the characteristics deemed less important in
our study play more substantial roles. For example, in the energy sys-
tem cases presented in [15] with a stronger focus on thermal generator
unit commitment, the generator flexibility characteristics have higher
impacts on the solution quality. However, our NL-8-Node case design
aims to represent future decarbonized energy systems, characterized
by high levels of renewable energy penetration and various storage
technologies. The work in Helisto et al. [5] has demonstrated that a
significant share of renewable energy, often offering options to curtail
its output, can diminish the need for modeling the operational limits
of thermal generators. Likewise, Poncelet et al. [59] suggest that when
storage technologies provide flexibility in the system, detailed modeling
of thermal generators becomes less important to the solution quality.
Hence, it is not surprising that our research discovered similar trends.

When modeling the planning of the electricity transmission network
in the NL-8-Node system, we ignore the N-1 security constraints, which
are commonly applied in power system studies [60]. The N-1 security
constraints, which impose requirements for the system to ensure re-
liable operation under a contingency affecting any system component,
including generators, lines, and transformers [61], are not aligned with
the level of abstraction in the NL-8-Node system. Modeling the system
in detail down to the component level would introduce an excessive
computational burden and could be prohibitive in large-scale studies.

5. Conclusion and recommendations

In this study, we systematically assessed the need to include elec-
trical power transmission and generator flexibility characteristics in
energy system optimization models and applied these modeling ideas
to the IEEE 118-Bus test system and a self-sufficient zero-emission
multi-energy system for the Netherlands. The literature lacks both
the systematic evaluation of these characteristics and the comparison
between electrical and multi-energy systems. As energy sectors become
increasingly integrated, our study offers recommendations for the selec-
tion of the physical characteristics and approaches to model electricity
transmission and associated losses in a multi-energy system.

We identify that for both systems, the modeling of network char-
acteristics, i.e. the Kirchhoff’s voltage law (KVL) and the electricity
transmission losses, plays more crucial roles than generator flexibility
characteristics. These include the ramp rate limits and unit commitment
with minimum up and down times, together with generator startup
and shutdown trajectories. Disregarding the network characteristics
can bring large discrepancies in objective values and infeasible system
designs; this was observed in both the IEEE 118-Bus system with 186
alternating current (AC) lines and the NL-8-Node system with only
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7 possible AC connections. On the other hand, removing generator
flexibility characteristics might not impact the objective values or the
solution feasibility as much, depending on the technology capabilities
and system requirements. Based on the results, we recommend (i) to
include the modeling of the electrical circuit and the transmission
losses, (ii) to decide upon the need for generator flexibility character-
istics depending on the specific characteristics of the problem under
evaluation (e.g., necessary in a technology-oriented analysis).

The optimal system design, especially the transmission network, if
included in the optimization problem, is significantly influenced by the
modeling of KVL. We observe that when considering KVL, the optimal
solution avoids constructing closed loops in the transmission network.
Otherwise, the system would have a more connected network, which
might be less practical or operable in reality.

In the linear approximations of the AC transmission loss, we point
out a potential pitfall. Linearizing the quadratic loss with tangents of up
to 3 pieces can result in an infeasible system design, potentially due to
the modeling error of creating a lossless region. Our results demonstrate
that this is an issue in both systems, despite their drastically different
power transmission intensities. Moreover, compared to connecting the
points in the quadratic loss, tangent approximations lead to a higher
solution time by a factor of 2-10. Utilizing more than one piece in the
connect approximations gives both accurate and feasible solutions.

This work highlights the need for modeling the power network and
associated transmission losses in multi-energy system design problems,
while uncovering a pitfall in the linearization of the power transmission
loss. The results provide guidance for problem designers to prioritize
the physical characteristics and avoid unnecessary computational bur-
dens. We encourage future research in this direction to explore the
characteristics with finer granularity in temporal resolution (under 1 h)
and multiple, more detailed models of physical characteristics. Such an
investigation would contribute further to enhancing the solution quality
of energy system capacity and operation planning.
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Appendix A. Additional node input data in NL-8-node

Table A.1
Distance between each of two onshore nodes in NL-8-Node.
Node 1 Node 2 L (km)
N M 160
ME 110
ME 100
M S 90
SE 100
ME SE 100
S SE 110
Table A.2

Economic parameters of the energy transport infrastructure. Parameters of
HVAC are taken from [62], HVDC from [63] and [64], and hydrogen pipeline
from [65].

Transport technology Y (years) C' (€/MW km) FOM
HVAC 40 400 2%
HVDC with inverters 40 2000 0.35%
Hydrogen pipeline 40 267 3%
Table A.3
Electrical properties for overhead HVAC lines [39].
v (kV) R (Q/km) X (@/km) F (MVA)
380 0.03 0.246 1698
Table A.4
Land resources in NL-8-Node.
Node Solar area (m?) Wind Area (m?)
N 27,590,000 1,078,993
M 69,500,000 848,870
ME 45,510,000 1,039,203
S 6,580,000 2,778,724
SE 50,810,000 690,844
OS-N N/A 1,413,333
0S-M N/A 4,462,933
0sS-S N/A 400,667
Table A.5
Design wind speeds of wind turbines, adapted from [66].
VCII[-in (m/s) Vraled (m/s) cht-out (m/s)
4 16 25
Table A.6

Parameters of the nuclear power plant units. Ramp-rate limits are assumed to
be 0.3, similar to historically used values [67]. The rest are adapted from [68].

RU, RD P (MW) P (MW)

0.3 785 1570

TU (h) TD (h) SUD, SDD (h)
8 24 2
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Table A.7
Economic parameters of all technology types considered in the NL 8-node case study. Parameters of the nuclear plant are taken from [69] and [67]. The rest are
acquired from [54].

International Journal of Electrical Power and Energy Systems 171 (2025) 111020

Technology Nodes Y C! (€/kW) FOM C° (€/MWh) csY (€)
On-shore wind turbine N, M, ME, S, SE 30 1020 1.2% 1.3 N/A
Off-shore wind turbine 0S-N, 0S-M, 0S-S 30 1641 2.3% 3.25 N/A
PV panel N, M, ME, S, SE 40 845 1.22% 0 N/A
Alkaline electrolyzer N, M, ME, S, SE 25 300 4% 0 N/A
Solid oxide fuel cell N, M, ME, S, SE 20 850 5% 0 N/A
Nuclear plant S 60 6000 1.4% 11.5 78,500
Li-ion battery N, M, ME, S, SE 30 220 0.2% 1.7 N/A
Hydrogen tank S 30 275 1.5% 0 N/A
Salt cavern N 100 4 0 0 N/A
[15] Wuijts R, van den Akker M, van den Broek M. Effect of modelling choices in the

Data availability

Data is available from [14] [37], as also provided in the manuscript.
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