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Abstract

Fully flexible temporal resolutions have shown to be a useful tool for improving
the tradeoff between the runtime and accuracy of generation expansion planning mod-
els. However, no research has been done into the effects of considering short-term
operational dynamics of thermal generators in models with such resolutions. There-
fore, this paper complements the existing literature by adding start-up and shut-down
costs to a large-scale energy system optimisation model with a fully flexible tempo-
ral resolution. The results suggest that the addition of start-up and shut-down costs
significantly increases the runtime of the model, while providing a small increase in
accuracy. Additionally, they show that a compact set of start-up and shut-down con-
straints outperforms a full set of constraints in terms of model runtime, while having
the same accuracy.

1 Introduction

Navigating the transition from fossil fuels to renewable energy sources is a challenge which
requires governments and network operators to create optimal operation and investment
plans for their energy systems. Generation expansion planning (GEP) models, which focus
on long-term planning and investments, have been widely used to address this problem [1].

In order to reduce their computational complexity, GEP models have historically ignored
short-term operational dynamics related to unit commitment (UC), meaning that they often
do not model start-up (SU) and shut-down (SD) costs, among other operational details |2].
However, it has been demonstrated that ignoring UC details, especially those related to unit
start-up, can have a negative impact on the accuracy of the model [3, |4]. The reason for this
is mainly the increase in penetration of intermittent renewable energy sources, which have
an unpredictable power output, as it depends on external factors such as weather conditions
|1} 5]. Therefore, in order to provide the flexibility needed to deal with the stochastic nature
of intermittent renewable energy sources, generators are required to start up and shut down
more often. As a result, it has been suggested that GEP models should take start-up and
shut-down costs into account in order to model this behaviour more accurately.

In contrast to GEP models, UC models specifically deal with finding optimal schedules
for energy system operation, meaning that they must use the UC constraints often ignored
by GEP models. These models have been well explored in recent literature, which is analysed
in the literature survey presented in [6].

The survey has identified many trends in approaches to solving the unit commitment
problem, but those related to start-up and shut-down costs in mixed integer linear pro-
gramming (MILP) models are of most interest to this paper. Out of the 70 MILP models
surveyed, 64 of them model start-up costs, and 18 additionally model shut-down costs, show-
ing their importance in UC models. The importance of these costs is further exemplified by
[1], which states that their inclusion in models is needed to address the need for flexibility
resulting from the high penetration of renewable energy sources.

Another observation about UC models is that they predominantly use constant temporal
resolutions, meaning that they model time as blocks of constant length. Out of the 70 MILP
models analysed in [6], 62 use an hourly resolution, while the others consider sub-hourly time
blocks.

However, using an hourly resolution is not suitable for most GEP models, especially
those considering longer planning horizons [7]. This is because higher temporal resolutions
require more variables and constraints to be included in the model, which can make it



computationally infeasible to solve. One solution to this problem is lowering the temporal
resolution, which has the drawback of potentially decreasing the model’s accuracy.

Instead, [8] introduces the idea of a fully flexible temporal resolution. This entails mod-
elling less relevant aspects of the energy system with less temporal detail to reduce compu-
tation time, while increasing the resolution of the more important aspects of the system, in
order to arrive at a sufficiently accurate solution. One of the examples presented in [8] is
the geographically decreasing temporal resolution. It is used to model the energy system of
the Netherlands with a resolution of 1 hour, while modelling the other European countries
with lower resolutions, the farther away from the Netherlands they are. The preliminary
results of the study show that this kind of temporal resolution can decrease the computation
time of the GEP model, without introducing high errors in the calculated cost of the Dutch
energy system.

However, the GEP model used in the study did not include start-up and shut-down
costs and their related constraints. Although the impact of ignoring these costs has been
well researched in recent literature, none of those studies have made use of a fully flexible
temporal resolution. Therefore, it is not currently known how adding start-up and shut-down
costs would impact a model with a fully flexible temporal resolution.

Therefore, the aim of this study is to explore how adding start-up and shut-down costs
impacts a GEP model when using a fully flexible temporal resolution, compared to uniform
resolutions. Specifically, the focus of the study will be the effects on the model’s computation
time, objective function (cost of investments and operation of the system), and investment
plan. Multiple experiments will be run, involving constant temporal resolutions, as well as
the fully flexible geographically decreasing resolution, for two different sets of start-up and
shut-down constraints (full and compact), the results of which will be compared against the
model with a uniform hourly resolution and no start-up and shut-down costs.

This paper complements the existing literature in the following ways. Firstly, it shows
that the inclusion of start-up and shut-down costs increases the runtime of the model for both
uniform and fully flexible temporal resolutions. More importantly, it is shown that the full
set of constraints has worse effects on the runtime compared to the compact constraints, for
all of the temporal resolutions considered. Secondly, the results of the study indicate that,
when considering a geographically decreasing temporal resolution, the addition of start-up
and shut-down costs can improve the accuracy of the model. Specifically, when considering
the objective function value for the Netherlands, the geographically decreasing model with
the compact start-up and shut-down constraints exceeds the Pareto front. However, the
paper also shows that the geographically decreasing resolution causes a greater variance
in the objective function for the Netherlands, and that the value becomes sensitive to the
constraint set used when varying the costs of generator start-up and shut-down. Finally, the
results suggest that the geographically decreasing resolution greatly changes the investment
plan for the Netherlands compared to the 1-hour uniform resolution. Concretely, it causes
the model to invest in a larger amount of battery charge and discharge capacity, while
reducing investments into thermal generators when start-up and shut-down costs are added.

The rest of this paper is structured as follows. Firstly, the start-up and shut-down
constraints to be added, as well as the additions to the objective function of the model,
will be described in Section 2. Section 3 will follow with a description of the setup and
result of the experiments. The discussion of the results, along with a reflection of the ethical
implications of the study can be found in Section 4. Finally, Section 5 will present the
conclusion and suggested further research.



2 Mathematical Formulation

To explore the effects of start-up and shut-down costs on GEP models with fully flexible
temporal resolutions, the Tulipa energy model developed by TNO [9, [10L [11] will be used.
Tulipa is a GEP model for the electricity market, which can be coupled with other energy
sectors, such as natural gas or hydrogen. Other than using flexible temporal resolutions, it
also makes use of clustered unit commitment, modelling how many units of a certain type
are turned on at a given time.

Being a mixed integer linear programming model, Tulipa aims to find an assignment
of variables which minimises an objective function, while satisfying a set of constraints.
Version 0.15.0 of the model already includes an objective function comprising of investment,
transport, and certain operation costs, which was extended with start-up and shut-down
costs as part of this study. Furthermore, two sets of logical constraints related to generator
start-up and shut-down were added to the model.

Section 2.1 gives a brief overview of how time is modelled in the Tulipa energy model.
Then, Section 2.2 explains Tulipa’s existing objective function, and describes the added
start-up and shut-down costs. Finally, the two sets of start-up and shut-down constraints
added to Tulipa are explained in Sections 2.3 and 2.4 respectively.

2.1 Overview of the Tulipa Energy Model

The goal of the Tulipa energy model is to find the cheapest investment plan for an energy
system which manages to satisfy the energy demand over a set of milestone years, ). To
reduce its computation time, the model often does not consider every day in a year individ-
ually. Instead, it modells each year as a set of representative periods, IC,. These periods are
usually days which span different weather and electricity demand profiles, such that they
accurately capture the different parts of a year.

In each year y € ), the model invests into a set of assets 4, such as wind turbines,
solar panels, thermal power plants, and batteries. The model then makes sure that it
can satisfy the electricity demand in each of the representative periods, given the specific
demand profiles and weather conditions. Some generators, such as coal power plants and
gas turbines, also need to satisfy unit commitment constraints, such as ramping limits and
minimum operating points. This set of assets is denoted by A" C A.

Finally, each asset a € A can be modelled with a different temporal resolution. This
can be achieved by further dividing each representative period into smaller time blocks.
For example, the variable v;nk‘gg °n represents the number of units of asset a which are
operating in the representative period k,. To model this variable at a resolution of 6 hours,
the representative period k, can be split into 6-hour long time blocks by, € B¢ where

a7y>ky’
ue . is the ordered set [[1: 6],[7: 12],[13 : 18], [19 : 24]].

a,y,ky

2.2 Start-Up and Shut-Down Costs in the Objective Function

The objective of the Tulipa energy model is to minimise the costs of investing into gener-
ators and transmissions, as well as the operational costs of the generators. Currently, the
operational costs are modelled as the costs of generating and transporting electricity, as well
as fixed and variable costs [10]. In order to include the start-up and shut-down costs, the
following quantity is added to the objective function:



start up costs _, start up shut down costs _, shut down
Z Z Z [ Z Pay Vaky b, T Z Pay Ya,ky by,

yeY a€ Al ky €Ly by, €B" by, €834
(1)

a,y,ky a,y,ky
Equation represents the start-up and shut-down costs incurred by the assets. For each

. . . . tart
asset a € A", it considers the number of units of that asset which were started up, v} "',
vy Yy

or shut down, v;h,‘;ytbd’f:"nv in each time block by, € B;“yky or by, € BZ‘}W%, of every rep-
resentative period k, € K, of every year y € )Y being modelled. Each such start-up and
shut-down event adds a cost of pjiart uP costs and pihut down costs t the objective function,
respectively. The same formulation for start-up and shut-down costs is commonly used in

literature, both in clustered unit commitment [12] and single unit |13} |14] formulations.

2.3 Full Start-Up and Shut-Down Constraints

In order to ensure that the start-up and shut-down variables introduced in correctly
model the behaviour of generators, certain logical constraints are needed. The first set of
such constraints added to Tulipa is shown below.

units on . ,Uunits on _ ,UStart up _ _ shut down
a‘7ky7B:;,f:y’ky(bky) a,ky,B:l"nyky (bky -1) a,ky b, a,ky by, (Qa)
uc su
Vye V,a € Af ky €Ky, by, € Ba7y7ky
start up units on uc Su
Vaky b, = Vaky, B2, (by,) VyeV,ae ASf ky € Ky bi, € By, (2b)
Ushut down < Uavailablc units __ _ units on
a,ky b, = Yayy a’k’va;,Cy,ky (bky) (2c)
uc sd
Vye V,a € Af ky €Ky, by, € Ba,y,ky
start up shut down uc su
Varkey by * Vaky by € Z>o VyeV,ae€ Af ky €Ky, by, € ok (2d)

Equation defines the start-up and shut-down variables in terms of the difference in the

number of units which are operating in two consecutive time blocks, by, and by, — 1. Here,
start up
a,ky7bky

shut down

and Vaky be,

By, k, (bk,) is a function which maps the time block in which v are

defined, to the corresponding time block in the temporal resolution of v;“}clzs °n which has
the same start time as by, .

Equations and ([2d|) state the upper bounds of the start-up and shut-down variables,
respectively. Equation 1) models the fact that if Uzt’zztyblip units of a certain asset are
started up in time block by, , then at least as many units of that asset must be operating in
the same time block. Similarly, (2c)) states that the greatest number of units which can be
shut-down in a given time block cannot be greater than the number of units which are not
operating in the same time block, which is equal to the difference between the number of
available units, ugfgilable units and units which are on. Finally, specifies the domain of
the start-up and shut-down variables.

The set of constraints defined in - is based on a tight formulation of minimum up
and down times |15] which are commonly used in UC models, for example in |14} |16]. They
have been adapted from a binary to a clustered unit commitment formulation in [17], and
researchers from TNO have further modified them to make them compatible with Tulipa’s
fully flexible temporal resolutions.



2.4 Compact Start-Up and Shut-Down Constraints

Alongside the full start-up and shut-down constraints described in —, a compact set
of constraints is considered. They replace the expressions in (2al2c) with lower bounds,
meaning that they increase the size of the search space. However, given that the compact
constraints are still tight in the direction of the objective function, and they have one fewer
equation than the full constraints, they are expected to decrease the computational time of
the model compared to the full constraint set [18]. The compact set of constraints is shown
in the equations below.

start up units on __ ,,units on uc
Vakybr, = Vaky B, ky (k) T Vasky B, (g, —1) Yy e V,ae Af ky € Ky by, € B
(3a)
shut down units on un1 s on uc
Vaky,br, = Vak, B, 1y (b, =1) T Yaky BY, o (bi,) VyeV,ae Af ky € Ky b, € By v.ky
(3b)
start up shut down uc
Vaokey by Vasky,bry € Z>o Vy € V,a € Af ky € Ky, bi, € B,

(3¢)

Equations and place lower bounds on the number of units which can be started
up or shut down in a certain time block by, , in terms of the difference in the number of
units which are on in time blocks by, and by, — 1. Finally, specifies the domain of the
start-up and shut-down variables.

3 Experimental Setup and Results

Section 3.1 describes the case study which was developed, as well as the data sources which
were consulted as part of this research project. It is followed by a description of the economic
cases and temporal resolutions used in the experiments, in Section 3.2. The section also gives
the technical details of the experimental setup, such as the device the cases were ran on,
and the procedure used to ensure reliability of the results. Finally, Section 3.3 contains
visualisatios of the most important results of the study.

3.1 Case Study Description

All simulations presented in this paper are based on the case study which was used in
[8] to introduce fully flexible temporal resolutions. It represents a greenfield model of the
European Union’s energy system, extended with those of Norway, Switzerland, and the UK.
As such, it considers only one year of investments and operation, without any generators
initially installed.

The original case study consists of renewable energy sources, as well as storage technolo-
gies and nuclear power plants. It was expanded with three types of thermal power plants
due to their relevance in studying the effect of start-up and shut-down costs on GEP models,
as they can be cycled to provide operational reserves. The final list of assets modelled in
this paper consists of: offshore and onshore wind farms, solar farms, coal and nuclear power
plants, open and closed cycle gas turbines (OCGTs and CCGTs), and battery storage and
charge and discharge capacity.



To investigate the effect of start-up and shut-down costs on the optimal solution found
by the model, two economic cases are considered. In the expensive case, the start-up and
shut-down costs of thermal generators are taken from the higher end of the costs found in
literature, while in the cheap case, the lower costs are used. The costs for coal power plants,
OCGTs and CCGTs are taken from [19], while those of nuclear generators are obtained from
[20]. The cost data used in the expensive and cheap cases is shown in Table

Table 1: Start-up and shut-down costs in the expensive and cheap cases, in euros

Case Asset SU Cost (EUR) SD Cost (EUR)
Coal 109000 20000

crpensive OCGT 3000 1500
P CCGT 60000 13000
Nuclear 16500 0

Coal 48000 12000

chea OCGT 2500 1200
P CCQT 42000 10000
Nuclear 16500 0

To ensure that the case study is realistic, various sources of data were consulted. Firstly,
the peak energy demands for each country were taken from [8]. The data on investment
costs and minimum operating points of the assets was taken from the PyPSA dataset, and
can be found in [21] and 22| respectively. Realistic capacities of generators were estimated
using data from [23], and fuel prices for OCGTs and CCGTs, as well as coal and nuclear
power plants can be found in [24], |25, and |26] respectively. Finally, the time series of the
availability profiles of renewables, as well as the demand profiles per country, were provided
by TNO through personal communication [27]. An important point to note is that, unlike
in [8], the case study presented in this section does not model trade between countries, due
to computational limitations. For a discussion of the effects of including trade in the model,
refer to Appendix A. The full input data files can be found at |28§].

3.2 Experimental Setup

The aim of this study is to investigate the effect of adding start-up and shut-down costs to
a GEP model using a fully flexible temporal resolution. Therefore, the cheap and expensive
economic cases will be ran on multiple temporal resolutions, once with the full start-up and
shut-down constraints in —, and once with the compact constraints in —. The
results of each run will then be compared against a model without start-up and shut-down
costs in terms of run time, objective function value, and investment plan.

Six different temporal resolutions will be considered, namely uniform resolutions of 1, 2,
3, 4 and 5 hours, and the fully flexible geographically decreasing resolution introduced in
[8]. The aim of the geographically decreasing resolution is to accurately model the Dutch
energy system, while considering all other countries in the system with less detail in order
to reduce the computation time of the model. The assets of countries will be modelled at
lower temporal resolutions the farther away they are from the Netherlands, as shown in
Figure [1| (adapted from [8]). As can be seen in the figure, the range of temporal resolutions
modelled in the geographically decreasing case is 1-5 hours, which is precisely the reason



for comparing this fully flexible case against uniform resolutions of 1, 2, 3, 4 and 5 hours.
Finally, since the geographically decreasing case focuses on the Dutch energy system, the
objective function and investment plan of the Netherlands will be considered separately to
those of the European system as a whole.

Temporal resolution by
Nth neighbour of the
Netherlands

® NL (1h)
® 1st neighbour (1h)
2nd neighbour (2h)

_‘5 ®3rd neighbour (3h)
4th neighbour (4h)
' | 5th neighbour (5h)
-
Figure 1: Temporal resolutions per country in the geographically decreasing resolution case.

The colour indicates the distance to the Netherlands and the corresponding temporal reso-
lution of the assets in a country.

To supplement the experiments described above, two additional cases will be added. Firstly,
to better explore the effect of start-up and shut-down costs on the runtime of the model with
the geographical resolution, the extended European model will be considered. It adds ten
new countries to the system, and four more generators to each country. The aim of this case
is to see how well the fully flexible resolution scales with model size. Secondly, a medium
economic case will be included to provide a more fine-grained analysis of the sensitivity of
the fully flexible temporal resolution to changes in start-up and shut-down costs. The costs
of this case are calculated as the means of the cheap and expensive cases.

In order to ensure the validity of the results, each run will be repeated 30 times, with
a different seed given to the MILP solver, such that the randomness in runtime introduced
by hardware and the solver’s random choices are minimised. As for the objective function
values, 10 samples will be used, due to computational limitations. Furthermore, when com-
paring the objective function values of the runs, it is important to note that the experiments
will be ran on a solver with a MIP gap of 0.01%, meaning that if the difference between two
objective function values is less than this number, they will be considered to be equal.

The technical specifications of the experiments are as follows. They will be ran on a
virtual machine with 16 AMD EPYC 9R14 cores with a maximum clock frequency of 3.7GHz
and 32GB of RAM, using Tulipa energy model version 0.15.0 [9]. They have been written in
the Julia programming language version 1.11.5 29|, and make use of the BenchmarkTools
package [30]. Finally, the MILP solver used is Gurobi 12 [31].

3.3 Numerical Results

This section contains visualisations of the most important experiment results. The raw data,
as well as the code used to produce the visualisations, can be found at |28].

Firstly, Figure [2] shows the average runtimes of the model for each temporal resolution,
when ran without any start-up or shut-down constraints, and with the full and compact
constraint sets. The runtimes for both the cheap and expensive cases are shown in Figures
[2a] and 2D] respectively. Finally, Figure [3]shows the runtime of the extended European model



with the geographically decreasing temporal resolution, for all constraint sets and the cheap
and expensive economic cases.

Average time (in seconds) for solving the model Average time (in seconds) for solving the model
for all temporal resolutions and constraints, in the cheap case for all temporal resolutions and constraints, in the expensive case
a1 1510
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Figure 2: Average runtime of the model in seconds, for different temporal resolutions and
constraints.
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Figure 3: Average runtime (in seconds) of the extended European model with the geograph-
ically decreasing temporal resolution.

Figures[4 and [f] show the tradeoff between model solving time and accuracy in the objective
function in the expensive economic case, focusing on the costs for the entire energy system
and the Netherlands respectively. The x-axis represents the average time taken to solve the
model. The y-axis is the absolute value of the percentage error for each case, when compared
to the objective function value of the 1-hour resolution with the full constraint set. This
case was chosen as the reference point because it has the highest temporal resolution and
it models start-up and shut-down costs, making it the most accurate. Note that the 1-hour
resolution with compact constraints is equally as accurate, and the model with the full
constraint set was chosen over it arbitrarily. Both figures also highlight the Pareto front,



with Figure 5] additionally showing both the Pareto front of all the points, as well as with the
geographical temporal resolutions removed. Finally, the corresponding plots for the cheap
economic case are omitted, as they are identical to Figures [f] and

Computation time (seconds) VS absolute percentage error compared to
the 1 hour resolution with full constraints, for the entire system, in the expensive case

74 Ga Pareto front SU/SD constraints
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Figure 4: Average runtime of the model in seconds, plotted against percentage absolute error
compared to the 1-hour resolution with the full constraint set, for the expensive case.

Computation time (seconds) VS absolute percentage error compared to
the 1 hour resolution with full constraints, for the Netherlands only, in the expensive case
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Figure 5: Average runtime of the model in seconds, plotted against percentage absolute
error in the objective function for the Netherlands compared to the 1-hour resolution with
the full constraint set, for the expensive case

Figure [6] shows how the impact of adding start-up and shut-down costs differs per tem-
poral resolution and economic case. This impact for a specific case is measured by the
percentage difference between the objective function value of that case and the same case



without start-up and shut-down costs. Figure[6b]shows the changes in the objective function
value for the total energy system, for every combination of full and compact constraint sets
with the cheap and expensive economic cases. Note that the values for the full constraint
set are not visible in the plot, as they are almost exactly equal to those of the compact con-
straints. Similarly, Figure [6a] contains the percentage differences in the objective function,
but only for the Netherlands. It additionally includes data points for the cost difference
in the overall system, for the geographical resolution with the full constraint set, in both
economic cases. These are included for ease of comparison between the two plots.

Percentage difference in objective function value for the Netherlands

between case without SU/SD costs and all other cases Percentage difference in objective function value for the overall system
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Figure 6: Average percentage difference in the objective function value caused by adding
SU/SD costs to each temporal resolution.

To compare the different optimal solutions found by the model, Figure [7] shows the
standard deviations in the objective function value for the overall energy system and
for the Netherlands .

Standard deviations in objective function value for the entire system

Standard deviations in objective function value for the Netherlands
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Figure 7: Standard deviation of the

(b) Netherlands.

objective function value.

Finally, Figure [8] shows the changes in the investment plan for the Dutch energy system

10



caused by including start-up and shut-down costs. For each asset and SU/SD cost and
constraint case, the percentage difference in invested capacity is calculated, when compared
to the case without start-up and shut-down costs. Figure highlights the changes when
using an hourly resolution, while Figure [8b| shows the geographical resolution.

Percentage change in investment capacity for each asset
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Percentage change in investment capacity for each asset
in the Netherlands with the geographical resolution
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(a) One-hour resolution. (b) Geographical resolution.

Figure 8: Percentage changes in investment plan in the Netherlands for the 1-hour and
geographical resolutions, compared to the case without start-up and shut-down costs.

4 Discussion

This section discusses the results of the study. Sections 4.1 analyses the effect of start-up
and shut-down constraints on the runtime of the model. Then, Section 4.2 discusses the
change in accuracy when the constraints are added, and the tradeoff between accuracy and
runtime of the model. The changes in investment plan are analysed in Section 4.3. The
section concludes with a reflection on the ethical implications of the study in 4.4.

4.1 Effects of Start-Up and Shut-Down Constraints on Model Solv-
ing Time

As can be seen in Figure[2] the addition of start-up and shut-down constraints increases the
time taken to solve the model for every temporal resolution. Furthermore, by comparing
Figures and it can be seen that the values of the start-up and shut-down costs do
not impact the time taken to solve the model, as the graphs for the expensive and cheap
economic cases are nearly identical.

Additionally, the figures reveal that the model is solved faster when using the compact
constraint set compared to the full constraints, regardless of the temporal resolution. This is
to be expected, as the compact constraint set results in the model having fewer start-up and
shut-down variables and constraints overall. However, this difference is less visible for the
temporal resolutions with shorter runtimes, such as the 4 and 5-hour uniform resolutions,
and the geographically decreasing resolution. This is also in line with expectations, as models
with low temporal resolutions already have their number of variables and constraints greatly
reduced compared to those with higher resolutions.
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If the geographically decreasing temporal resolution is used on a model with more coun-
tries and generators, the difference in runtime for the full and compact constraint sets
becomes more pronounced. As can be seen in Figure [3] the difference in runtime of the
extended EU model for the compact and full constraints in the cheap case is 8.0%, which is
greater than the corresponding quantity of 5.3% for the smaller geographically decreasing
case study.

4.2 Effects of Start-Up and Shut-Down Costs on the Objective
Function Value

Figures [ and [f] show the tradeoff between model runtime and accuracy. From the first
figure, it can be seen that, when considering the accuracy over the entire energy system,
adding start-up and shut-down costs causes the geographical temporal resolution to move
away from the Pareto front, indicating a worse performance. This happens because the 2-
hour temporal resolution preserves the overall temporal detail of the availability and demand
profiles of the countries better than the geographical resolution, which has a greater impact
on the overall accuracy than adding start-up and shut-down costs.

On the other hand, when considering the accuracy for the Dutch energy system only,
including the compact set of start-up and shut-down constraints exceeds the Pareto front,
meaning that it improves the model’s performance. This can be explained by considering the
results of [8], which showed that the geographically decreasing resolution, without start-up
and shut-down costs, exceeds the Pareto front when focusing on the Dutch energy system.
Due to this decrease in error (from 0.61% to 0.15%) for the case without start-up and shut-
down costs, the geographical resolution now performs better than the 2-hour resolution,
meaning that the additional computational time of the compact start-up and shut-down
constraints is justified by their contribution to the accuracy of the solution. Finally, it can
be seen that even when only considering the Dutch energy system, the case with the full set
of start-up and shut-down constraints does not lie on the Pareto front. This is because the
full constraints do not provide any additional accuracy, while increasing the computation
time of the model.

While the geographical temporal resolution maintains a high level of accuracy when it
comes to the objective function value in the Netherlands, it also introduces the most variance
compared to the other temporal resolutions, which can be seen in Figure [7] Furthermore,
Figure[6]shows that the different sets of constraints are sensitive to the values of the start-up
and shut-down costs, when considering the objective function for the Netherlands. Specif-
ically, in the expensive economic case, the model with the compact constraint set yields a
greater increase in objective function value than the model with the full constraint set. The
same behaviour can be seen in the medium economic case, but to a lesser extent. Conversely,
this pattern is reversed for the cheap economic case, in which the full constraint set results
in higher costs for the Netherlands. Finally, Figure [6D] shows that the overall objective
function value does not depend on the set of constraints which was used, as all of the values
must be within 0.01% of the optimal solution, allowing for no significant variance.

4.3 Effects of Start-Up and Shut-Down Costs on the Investment
Plan

Figures 8a] and [BD] show how the investment plan for the Netherlands changes for the 1-hour
and geographically decreasing temporal resolutions when start-up and shut-down costs are
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added.

In the case of the 1-hour resolution, adding start-up and shut-down costs leads to more
batteries being purchased. This is consistent with the findings of [2], which identified storage
technologies as an important source of flexibility. Furthermore, the investment plan seems
to not be greatly affected by the changes in start-up and shut-down costs between the cheap
and expensive economic cases. The only asset which sees a change in invested capacity
between these cases is battery storage, with an average value of 1.5%.

Similarly to the 1-hour resolution, adding start-up and shut-down costs to the geograph-
ical resolution results in an increase in purchased storage capacity, and a large spike in
charge and discharge capacity. However, this resolution seems to be sensitive to the con-
straint set used. Namely, using the full constraint set causes the model to purchase fewer
thermal generators, while significantly increasing investments into batteries compared to
the compact constraint set. Furthermore, the investment plan changes more significantly
than that of the 1-hour resolution between the different economic cases. In the cheap case
with the full constraints, the investment capacity of OCGTs falls by 20%, while all other
thermal generators remain unchanged. In the expensive case, however, 14.3% fewer CCGTs
are bought. This is believed to be due to the fact that the start-up and shut-down costs of
CCGTs decrease by a higher percentage (30%) compared to OCGTs (16.7%) between the
expensive and cheap cases.

4.4 Responsible Research

This section provides a reflection on the ethical implications of this study. The relevant
challenges which were identified and addressed throughout the project are those of data
collection, reproducibility of the study, and impacts of this research on society.

Firstly, accurately modelling the European energy system is of great importance to en-
suring the validity of the study. To this aim, we have taken great care to verify that all of our
data comes from reputable and well-documented sources, such as the International Energy
Agency [25], the Global Power Plant Database [23], the open-source PyPSA project [20], and
TNO’s Tulipa energy model. Furthermore, since the aim of the study was to investigate the
impact of start-up and shut-down costs on models with fully flexible temporal resolutions,
obtaining realistic parameters for the SU/SD costs of thermal generators was paramount
to the accuracy of the study. Therefore, they were sourced from existing literature on unit
commitment models, namely [19], and were compared against other datasets, such as that
of the PyPSA project [22]. Finally, regarding the ethical implication of the ways in which
the data was collected, we note that all of the referenced datasets are publicly available, and
do not include any personal or sensitive information.

Additionally, the study was designed with reproducibility in mind from the start. To
implement the start-up and shut-down constraints, the open-source Tulipa energy model
was used [9], and our additions to it have been made available at [32]. Furthermore, the full
input data files and the code used to generate them, the script for running the experiments,
the raw data produced by running them, as well as the code used to process and plot the
data is available at |28]. Therefore, every step of the study is easily reproducible. The only
exception is the fact that the Gurobi optimiser, a proprietary program, was used to solve
the models. As such, it might not be freely accessible to everyone, despite the fact that
Gurobi offers free academic licenses. To overcome this issue, the open-source HIGHS solver
can be used instead [33].

Lastly, we believe that the societal impact of the project is positive. Given that it aims to
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improve the accuracy of energy system optimisation models, it could lead to better informed
policies if it were used by governments or network operators. However, in case the start-up
and shut-down constraints contain implementation errors, the model could produce incorrect
results, leading to poorly informed decisions. To mitigate this issue, the implementation of
the constraints was verified, both manually and automatically, on multiple different case
studies. It has also been made open-source, such that it can be easily verified by anyone in
the scientific community. Finally, since the impact of start-up and shut-down constraints
was evaluated using a model based on the European energy system, the results might not
generalise to the energy systems of other regions. A step taken to minimise this issue was
using a wide range of generator start-up and shut-down costs, and not necessarily focusing
on only those commonly found in the EU. Furthermore, using the data generation scripts
at [28], the effects of start-up and shut-down costs on different energy systems can easily be
investigated.

Therefore, given the facts that the data used for the study was obtained from reputable
sources and does not contain any sensitive information, and that every part of the study
is publicly available and thus reproducible, and that the project has a positive impact on
society, we conclude that the research has been conducted responsibly and that it meets the
ethical standards of TU Delft.

5 Conclusions and Future Work

The inclusion of unit commitment constraints in generation expansion planning (GEP) mod-
els has been a well-studied topic in recent literature. Research has shown that including
operational constraints, such as start-up and shut-down costs of generators, can improve
the accuracy of GEP models, especially those modelling systems with a high penetration of
renewable energy sources. However, including these operational details also increases the
computational cost of the models, making them difficult to solve if they are modelling longer
planning horizons. A common way of decreasing the computation time of GEP models is by
lowering their temporal resolution, which comes with the trade-off of lowering the model’s
accuracy.

The concept of fully flexible temporal resolutions has been recently introduced to GEP
models to address this issue. An example of such a resolution is the geographically decreas-
ing resolution, which allows for a target country to be modelled at a high resoluiton, while
other countries have their resolution decreased in proportion to their distance to the target
country. It has been shown that this approach can reduce the computation time of a GEP
model, while maintaining a high accuracy in the target country. However, fully flexible
temporal resolutions have only been investigated using GEP models without unit commit-
ment constraints, so the effect of adding start-up and shut-down costs to models with such
temporal resolutions is unknown.

The aim of this study was to investigate the effects of start-up and shut-down costs on the
computation time, objective function value, and investment plan of a GEP model with a fully
flexible temporal resolution. The first important conclusion of the study is that, if start-up
and shut-down costs are to be included in a model with a fully flexible temporal resolution,
a compact set of constraints should be used to do so instead of a full set of constraints which
is tight in all directions. This is justified by the fact that the compact constraint set resulted
in a smaller increase in computation time compared to the full constraint set, and that the
percentage difference in computation time between the two constraint sets increased with
the size of the model.
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The second finding is that adding start-up and shut-down constraints has a positive
impact on the model with a geographically decreasing temporal resolution, when considering
the tradeoff between the runtime of the model and the accuracy for the target country.
Namely, when compared to uniform resolutions of 1-5 hours, both with and without start-
up and shut-down costs, the geographically decreasing resolution with SU/SD costs exceeds
the Pareto front. Importantly, this result is achieved when using the compact constraint
set, but not with the full constraints. This is because the latter offer no additional accuracy,
while increasing computation time. On the other hand, it was also observed that the addition
of start-up and shut-down costs has different impacts on the objective function value for
the target country depending on the values of the costs themselves. Namely, the compact
constraints lead to a higher increase in the objective function if more expensive start-ups
and shut-downs are considered, and vice versa. Since the differences between the two sets
of constraints were found to be relatively low, we still advocate for the use of the compact
set of constraints, due to their lower runtime. However, caution is still advised when using
the geographically decreasing temporal resolution, as it was shown to produce the highest
variance in solutions for the target country compared to uniform resolutions of 1-5 hours.

Finally, the study has shown that adding start-up and shut-down costs to a model
has different effects on the investment plan, depending on the temporal resolution used.
Compared to the hourly resolution, adding SU/SD costs to the geographically decreasing
resolution greatly increases the amount of battery charge and discharge capacity purchased.
This difference is even more explicit when using the full constraint set, as it causes the model
to buy significantly fewer thermal generators, and replace them with additional charge and
discharge capacity.

Based on the results of this study, the following future research is proposed. Firstly, it was
observed that the model never invests into nuclear generators, most likely due to their large
investment cost. To model a more realistic scenario, we propose a multi-year investment
model with a time-span longer than the technical lifetime of all the generators in the case
study. This way, technical lifetimes of both renewable and thermal generators will need to
be considered, which could affect the investment mix, as nuclear generators usually have
the longest technical lifetime. This would, in turn, have an effect on the optimal operation
schedule of the generators, and thus on the incurred start-up and shut-down costs.

Secondly, this study has assumed that start-up and shut-down costs of generators are
constant. However, a more realistic approach would involve modelling these costs as expo-
nentially increasing the longer a generator remains offline [34], which is known as hot and
cold starts. This would lead to more complex operational dynamics, and could have large
impacts on the optimal operation schedule. This is especially relevant for the geographically
decreasing temporal resolution, as the countries modelled with lower resolutions would be
forced to keep their thermal generators turned off for longer periods of time, thus increasing
their start-up costs.
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Appendix A

This section presents the results of the European energy system case study with added trade
between countries. The data about the connections of different countries’ energy systems was
taken from , and each experiment was ran with 15 samples. The MIP gap was increased
from 0.01% to 0.1% due to the long runtime of the case study. Only the expensive economic
case is considered. Finally, to further investigate the effects of start-up and shut-down costs
on different configurations of fully flexible temporal resolutions, the temporal resolution of
the geographically decreasing case was changed to the one shown in

Temporal resolution by Nth neighbour of the Netherlands (FLOW -UC)

® NL (1h-1h) ®3rd neighbour (3h - 3h)
® 1st neighbour (1h - 2h) 4th neighbour (4h- 4h)
2nd neighbour (2h - 3h) 5th neighbour (5h - 5h)

Figure 9: Temporal resolutions per country in the geographically decreasing resolution case
with trade. The colour indicates the level of connection to the Dutch energy system and the
corresponding temporal resolution of the flows and assets in a country.

Figure [L0] shows the average runtimes of the model for each temporal resolution, both
with the full and compact constraint sets, as well as without any start-up and shut-down
costs. Similarly to the case without trade, it can be seen that adding start-up and shut-down
costs increases the runtime of the model, with the full constraint set making the model signif-
icantly slower. However, with the inclusion of trade, the geographically decreasing temporal
resolution has the worst runtime, approximately double that of the hourly resolution. This
likely happens because of the increased number of constraints in which the flow and SU/SD
variables have temporal resolutions which are not multiples of each other. Additionally, we
believe that this configuration of temporal resolutions increases runtime due to integer vari-
ables being used. To investigate this hypothesis, the case study was re-ran as a linear model
without integer variables. The new runtimes are shown in It can be seen that
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in this case, the geographically decreasing resolution has a lower runtime than the hourly
resolution, which is consistent with the results of .

Average time (in seconds) for solving the model with trade
for all temporal resolutions and constraints, in the expensive case
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Figure 10: Average runtime (in seconds) of the model with trade between countries.
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Figure 11: Average runtime (in seconds) of the model with trade between countries, without
integer variables.

Figures [I2) and [I3] show the change in investment plan for the overall energy system when
start-up and shut-down costs are added to the hourly and geographically decreasing temporal
resolution, respectively. The changes in investment plan for the hourly resolution are similar
to those for the case study without trade between countries. More batteries and charge
and discharge capacity are purchased, with small changes to the other assets. One major
difference is the fact that slightly fewer CCGTs are purchased, likely due to additional
flexibility being provided by the ability to trade energy between countries. On the other
hand, for the geographically decreasing temporal resolution, significantly less storage and
charge and discharge capacity is purchased, as well as fewer CCGTs, while slightly more
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offshore wind farms are invested into. It is believed that this is the result of countries with
lower temporal resolutions, such as Bulgaria, investing into more renewable energy sources
and providing additional flexibility to other countries through trade. This happens because
lower temporal resolutions cause the availability profiles of renewable energy sources to be
averaged over multiple hours, resulting in smoother transitions between them. This reduces
the variations in the power output of renewable energy sources, thus reducing the need for
flexibility which is usually provided by batteries and thermal generators.

Percentage change in investment capacity for each asset
in the overall system, with trade, in the expensive case,
with the hourly resolution

Battery

OCGT
Solar
Wind_Offshore

Wind_Onshore

Percentage change in invested capacity [%]

Figure 12: Percentage change in investment plan in the overall energy system with trade for
the hourly resolution.
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with the geographically decreasing resolution
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Figure 13: Percentage change in investment plan in the overall energy system with trade for
the geographically decreasing resolution.
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