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Abstract— In this study we explore the impact of plausible 
changes in the load pattern on the future investment decisions, as 
well as the overall performance of the centralized generation 
system in terms of wholesale prices, capacity utilization, and 
carbon emissions. A multi-agent simulation model is used for this 
investigation. Based on six scenario simulations we aim to 
develop insights regarding the plausible impact of changes in the 
load characteristics such as load-duration curve (LDC) getting 
steeper or flatter. The results provide concrete support for a set 
of intuitive expectation (e.g. a flatter LDC yielding an increased 
share of coal-based generation), and demonstrate a set of 
important issues (e.g. the Dutch configuration being more 
sensitive to LDC steepening compared to flattening). 
 

Index Terms-- Energy management, Power generation 
planning, Load management, Computer simulation, Object 
oriented modeling  

I.  INTRODUCTION 
S a result of the market liberalization process, the Dutch 
system is now dominated by multiple profit-maximizing 

generation companies, rather than a single cost minimizing 
system operator. The true impact of this change on the 
infrastructure is still yet to come. The national generator park 
that serves this demand consists of around 65 active generators 
with capacities from 15 MWe to 695 MWe, which has a total 
capacity of 23650 MWe. Approximately 28% of the installed 
capacity coal-based, while 69% is natural gas-based. The only 
nuclear plant in the Dutch system, i.e. Borselle, constitutes a 
3% of the generation capacity. The weighted average age of 
the Dutch generation capacity is 21 years [1], [2]. Hence, an 
important portion (around 20%) of the generator park is 
expected to be decommissioned during the next decade. 
Additionally, recent price trends in coal and natural gas have 
the potential to trigger changes both in short term generation 
fuel mix, and long-term investments in the natural gas 
dominated Dutch system.  

The importance of the energy issue coupled with the 
aforementioned recent developments has made the Dutch 
electricity supply system subject to a set of policy analysis and 
scenario studies on the evolution of the capacity development, 
generation mix, wholesale prices and emissions (e.g. [3–8]). In 
almost all of these analyses, the load on the central generation 
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system is assumed to preserve its current character, but only 
change in quantity with a certain percentage over the 
following years. However, changes in the demand and 
regulation have also been visible; the government has been 
employing demand-side policies, and environmental concerns 
are on the rise at the end-user level, be these industrial users or 
households. Furthermore, when we consider issues such as 
electrification of mobility system, peak-shaving policies, 
growth in intermittent generation, etc., significant shifts in the 
load pattern on the centralized generation are possible. Such a 
shift can happen both in magnitude and form. This can lead to 
changes in the utilization levels, and hence the expected 
profitability, of the existing generators as well as different 
investment options. 

In this study we explore the impact of plausible changes in 
the load pattern on the future investment decisions, as well as 
the overall performance of the centralized generation system 
in terms of wholesale prices, capacity utilization, and carbon 
emissions. A multi-agent simulation model is used for this 
investigation. Based on six scenario simulations we aim to 
develop insights regarding the plausible impact of changes in 
the load characteristics such as load-duration curve (LDC) 
getting steeper or flatter. 

The paper is organized as follows; the following section 
provides a brief description of the simulation model. Section 
III is about the testing and validation procedure employed for 
the model. In Section IV, we introduce the experimental 
scenarios and the rationale behind them, and also present the 
results from the simulations. The last section is devoted to 
discussions and conclusions. 

II.  THE SIMULATION MODEL 
The model used in this study is a revised version of 

ElectTrans, which is an agent-based model that has been 
developed based on the actor-option framework for modeling 
socio-technical systems [9]. The original model covers 
demand and supply sides as well as the market environment 
where these two meet. The model does not take the 
transmission network explicitly into consideration as we 
assume that the network will develop such that it will not act 
as a limit in matching demand and supply. This assumption is 
based on the geographical facts about the Netherlands, and the 
fact that national network is managed by a single public 
enterprise. A detailed description of the original model as well 
as key assumptions and parameter values can be found in [8], 
[9]. The following subsections provide a brief description of 
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the revised version of the model that is used in this study, with 
a special emphasis on the changes that are made on the 
original model. 

The supply-side agents of the model represent the 
generation companies in the system, and they are mainly 
responsible for managing the existing generation facilities, and 
making capacity investment decisions. In representing the 
generation facilities, we avoided aggregation in order to obtain 
more precise dispatching results. Therefore, each generation 
facility (with a capacity larger than 15 MWe) is represented as 
a discrete entity in the model. We rely on the economical and 
technical specifications provided by [1], [2]. Each of these 
facilities is assigned to one of the six supply-side agents, 
which correspond to the six major players in the Dutch 
system.  

The management of the existing facilities involves two 
basic decisions; unit commitment and price bidding. In our 
analysis, we assume that generation companies do not 
withhold capacity for strategic reasons. As a result, the supply-
side agents commit the full capacity of a generation unit as 
long as it is operational. The agents make individual bids for 
each generation unit they manage, and while doing so, their 
bids are based on the operating and fuel costs of the unit (i.e. 
SRMC-based bidding). We assume that there is no inter-actor 
cooperation in bidding in order to increase the market prices.  

The supply-side agents’ capacity investment decisions are 
mainly driven by profit expectations. On a yearly basis, the 
agents evaluate the expected profit that can be made by each 
investment option. This evaluation is based on the agents’ 
forecasts about key indicators about the market, such as fuel 
prices, load, and total generation capacity. The agents utilize 
an adaptive trend estimation and univariate trend extrapolation 
heuristic to develop their future estimates regarding these key 
variables. In [10], Sterman demonstrates that this heuristic 
imitates the forecasts developed by electricity utilities with 
significant success. Using these forecasts, return-on-
investment (ROI) figures are calculated for each investment 
option, and the one that leads to the highest ROI is selected. If 
the ROI is greater than 15%, which is the expected ROI of the 
agents in the model, the agent proceeds with the investment. 
Otherwise, no capacity investment takes place. 

The generation unit options that are available for investment 
in the model are given in Table I. The initial economical and 
technical properties, as well as their pre-specified capacities 
have been derived based on recent studies on the issue [3], 
[11–13]. Technological development is modeled as an 
exogenous process in the model, and the generation options 
are assumed to follow the development trajectories that are 
defined based on the data presented by van den Broek et al. in 
[11]. All options with CCS are assumed to be commercially 
available for investment after 2020, considering legal and 
technological progress required. In the base run of the model, 
it is also assumed that the informal position of the Netherlands 
regarding nuclear energy (i.e. no further nuclear installations) 
will stay intact. 

 
 

TABLE 1 
INVESTMENT OPTIONS AND CAPACITIES 

Option Name 
Capacity 

(MWe) 

Option Name 

(continued) 

Capacity 

(MWe) 

PC2 (Single unit) 400 CCGT3 (Single unit) 400 

PC (Double unit) 800 CCGT (Double unit) 800 

PC (Single unit) with 

CCS4 
800 CCGT SOFC5 400 

IGCC6 300 
CCGT (Double unit) 

with CCS 
800 

IGCC with CCS 300 CCGT CHP 200 

Gas Turbine 50 Biomass/Waste Fired 10 

 
The market is the place where demand meets supply, and 

the price of electricity as well as power to be generated by 
each generation unit is determined. In that respect, the model 
contains a system operator (SO) agent who is responsible for 
load dispatching and pricing. At each round of the simulation 
(i.e. quarter year), the SO agent collects information on 
available generation capacity and asks the supply-side agents 
for their price bids for each generation unit. Using this 
information, the SO agent dispatches load based on merit 
order. The load is dispatched to the units starting from the unit 
with the lowest bid. The bid of the last unit to which some 
load is dispatched sets the price of a time period. All units 
active during a period are paid the period price.  

 
The most important revision on the model relates to the 

formation of the load-duration curve (LDC). In the earlier 
version, the LDC is constructed endogenously by the SO agent 
based on the demands of the demand-side agents. Since we 
aim to experiment with the characteristics of the LDC with 
this version of the model, the demand-side agents are left out 
of the model and LDC is given to SO agent as an exogenous 
input. In every simulation round (i.e. quarter year), the LDC of 
the period is updated and provided to the SO agent in order to 
be used in load dispatching. In representing the LDC, we 
relied on the historical data on the Dutch load pattern. TenneT 
records [14] show that the Dutch LDCs for quarters are almost 
linear (Fig. 1). This allows representing the LDC with a 
function as the one given in (1), which allows representing the 
LDC in a continuous form, with R2 value of around 99%. 

 
load(t) = loadmax −ηit               (1) 

where  ηi  is the slope of the quarter i 

In each round, the average load as well as the slope of the 
LDC is updated based on the scenario experiment being 
conducted. The procedure according to which LDC is updated 
will be discussed in the following sections. 

                                                             
2 PV: Pulverized coal 
3 CCGT: Combined cycle gas turbine 
4 CCS: Carbon capture and storage 
5 SOFC: Solid oxide fuel cell 
6 IGCC: Internal gasification combined cycle 
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Fig. 1. Quarterly load-duration curves for the Netherlands 

III.  MODEL TESTING AND VALIDATION 
Prior to experimentation, the model has been subjected to a 
verification and validation process, which is based on the 
general principles highlighted in the validation/model 
assessment literature [15], [16]. The verification process 
covers assessment of the model in terms of computer 
implementation problems, and it has been conducted via code 
walk-through tests, as well as input-output tests for isolated 
modules of the model. Validation involves assessment of the 
model structure as well as behaviour. The structure of 
ElectTrans has been validated via isolated behaviour 
plausibility, and extreme value tests. For behavioural 
validation, the model has been initialized in correspondence 
with the state of the actual system in 2006, and the actual data 
for the 2006-2011 period has been used for assessing the 
model output. We compared key indicators such as price and 
CO2 emissions (e.g. Fig. 2), and we concluded that the model 
performs well in capturing the trends in these indicators, 
which is more relevant for this research than point prediction. 
Further details about verification and validation of the model 
can be found in [8], [9]. 
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Fig. 2. Whosale electricity prices (actual data vs. model output) 

IV.  SCENARIO SIMULATIONS 

A.  Scenarios 
In this study, we analyzed a set of six scenarios, which are 
differentiated according to two aspects. The first 
differentiating aspect is the carbon prices in the context of EU 
emission trading scheme (ETS). Carbon prices are observed to 
stabilize around 14 Euros/ton in 2010, and EU estimates them 
to be around 30 Euros/ton by 2020 in the case of targeting 
30% emission reduction by then [17]. We defined two 

alternative development trajectories, which constitute the 
lower and upper borders of an envelope that contains the 
expected trajectories in the reviewed literature. In both 
trajectories we rely on the expectations of EU, and assume that 
the prices will climb to 30 Euro/ton level by 2020. In the ‘low 
carbon price’ trajectory, the prices stay at 30 Euro/ton level 
from 2020 till 2040. In the other trajectory (i.e. ‘high carbon 
price’), the prices are assumed to continue increasing linearly 
beyond 2020 and reach the 60 Euro/ton level by 2040. 
 The second differentiating aspect is related to the plausible 
changes in the load patterns. As a basic assumption, we 
assume that the total demand will continue to grow with an 
average of 2%, which is valid for all scenarios. Besides this, 
we specified three plausible changes in the load character. The 
first case is the ‘no change’ case in which the LDC shifts 
upwards without any change in the slope. The second case is 
‘steepening’ case in which the LDC gets 4% steeper each year 
(i.e. ηi  increases 4%). The third case is the ‘flattening’ case, 
and the LDC gets 4% flatter each year. The rate of change in 
the slope of the LDC does not rely on any empirical 
observation and/or forecasting, but determined in order to 
create a large enough envelope that covers the range of 
plausible futures. 
 Combining aforementioned two aspect, we generate 6 
experimental scenarios, which are summarized in Table I. 
 

TABLE II 
SUMMARY OF THE EXPERIMENTAL SCENARIOS 

 No Slope 
Change 

Steeper 
LDC 

Flatter 
LDC 

Low Carbon Price Scenario 
1 

Scenario 
2 

Scenario 
3 

High Carbon Price Scenario 
4 

Scenario 
5 

Scenario 
6 

 
 Fig. 3 through Fig. 5 demonstrate the extent of change in 
the LDCs in these 6 scenario experiments. The two curves 
given in each figure represent the LDC at the beginning (i.e. in 
2011) and  at the end (i.e. 2040) of the simulation runs. During 
the simulation runs, the LDC shifts from the former one 
towards the latter one gradually. 

 
Fig. 3. LDC shift in scenarios 1 and 4 

 

 
Fig. 4. LDC shift in scenarios 2 and 5 
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Fig. 5. LDC shift in scenarios 3 and 6 

 

B.  Simulation Results 
The simulation results obtained in the six scenario 

simulations are presented in Fig. 6 through Fig. 10, in a 
comparative manner.  
 

In terms of fuel use, the share of coal in the Dutch 
generation mix is observed to be increasing in all six 
scenarios, whereas the amount of natural gas-based seems to 
shrink over time. When we investigate the impact of changes 
in the LDC on the fuel mix, it is seen that a flatter LDC creates 
more room for profitable coal-based generation, and the coal-
based generation increases in Scenario 3 compared to Scenario 
1 (Fig. 6). The opposite is also true; i.e. a steeper LDC leads to 
much less coal-based generation since the amount of demand 
that can be served with a generator that requires high 
utilization levels (i.e. coal incineration facilities) is less. This 
observation constitutes a quantitative evidence for an intuitive 
expectation. However, a more interesting observation is 
regarding the extent of change observed in the amount of coal-
based generation across scenarios. While the amount of 
increase in the coal-based generation is limited in Scenario 3, 
the decrease observed in Scenario 2 is very significant. This 
leads to the conclusion that the Dutch system seems to be 
more sensitive to changes in the LDC in the direction of 
getting steeper. In other words, the system is more sensitive to 
the peak-load section of the curve getting higher and 
constituting a longer portion of the LDC in terms of duration.  
 

 
Fig. 6. Coal-based electricity generation 

 
Another observation is about the extent to which gas-based 

generation shrinks. In flattening LDC scenarios (Scenarios 3 
and 6), the gas-based generation converges almost to zero-
level. In these scenarios, the Dutch load, which is already 
relatively flat, becomes such that generation facilities that 
require high utilization can serve almost all of the demand. 

Combining the economical profitability of the coal-based 
generation, this eventually leads to very limited capacity 
investment for gas-based generators despite significant 
capacity decommissioning especially beyond 2030.  
 

 
Fig. 7. Natural-gas based generation 

 
As seen in Fig. 6 and Fig. 7, the carbon price aspect of the 

scenarios fails to create any significant difference in the fuel 
mix. For example, the only difference between Scenario 1 and 
4 is the development of the carbon prices, and as can be seen 
in both figures, despite higher carbon prices, there is no 
change in the dynamics of coal-based and gas-based 
generation between these two scenarios. This indicates that 
even when carbon prices climb to 60 Euro/ton levels from 
2010 to 2040, this fails to destroy the economical advantage of 
coal as a fuel. Therefore, as long as the trends in the fuel 
prices continue as they did in the last decade, the only barrier 
to the total dominance of coal in the Dutch system seems to be 
a steep load-duration curve. 
 
 Fig. 8 gives the development of wholesale prices in all six 
scenarios. As expected, we observe that the carbon prices are 
reflected to the wholesale prices. However, depending on the 
fuel mix of the system, the pass-through rates of the carbon 
prices differ. The largest difference is observed between 
Scenarios 3 and 6. As these are the scenarios in which the 
share of the coal-based generation is the highest, the pass-
through rate of the carbon price is higher.  In the scenario 
couple with the lowest coal-based generation (i.e. Scenarios 2 
and 5), the increase in the electricity price seems to be very 
low compared to the actual carbon price. 
 

 
Fig. 8. Wholesale electricity prices (Euro/MWh) 

 
 The sensitivity of the system to the LDC getting steeper is 
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also observed in this system indicator, even at a higher degree. 
Comparing the corresponding scenario couples (i.e. Scenarios 
1 vs. 3, and Scenarios 4 vs. 6), the LDC getting flatter over 
time has almost no significant impact on the wholesale prices.  
However, the shift in the prices as LDC gets steeper is quite 
significant. As generation units with high marginal operating 
costs (mainly gas-based ones) are called in for generation 
much often as LDC gets steeper, the average prices in 
dispatching intervals increase. This coupled with the 
increasing natural gas prices leads to the significant increase in 
the wholesale prices observed in Fig. 8. 
 

When we investigate the dynamics of carbon emissions in 
Fig. 9, we observe the interplay of two dynamics processes; 
change in the emissions per MWh electricity generated and 
increase in the total electricity generated. In 4 of the 6 
scenarios, we observe a decline in the emissions starting from 
2023 until 2027. This is mainly due to the commisioning of 
the generation facilities with CCS that are planned around 
2020, when CCS becomes commercially available in the 
model. However, in Scenarios 3 and 6, we fail to observe such 
a trend. Although there are CCS investments in these two 
scenarios, due to the coal-intensive nature of these two 
scenarios, the CCS investments only neutrilize the increase 
due to demand growth. However, increasing carbon prices 
yields significant CCS investments beyond 2030 in Scenario 
6, and we observe the lowest total emissions among all 
scenarios at the end of the simulation time horizon. In short, a 
flat LDC with high carbon prices (i.e. Scenario 6) result in a 
system dominated by coal incineration facilities coupled with 
CCS infrastructure. 
 

 
Fig. 9. CO2 emissions (tons) 

 
Another important indicator to watch about the system is 

the ratio of available generation capacity to the instantaneous 
load on the system. Since the system, as it is depicted in the 
model, is not managed by a central planner, but by multiple 
profit-seeking agents, there is no guarentee that the invesment 
decisios will be optimal for the system as a whole. 
Additionally, it is the profit that triggers investmens, but not 
the adequacy of the capacity. Therefore, if the conditions 
change and a new type of technology becomes profitable, 
agents are free to invest in that technology even if there is 
already enough capacity installed in the system; i.e. something 
that can lead to emergence of overcapacity situations and 

premature decommisining of some generation facilities due to 
becoming unprofitable. When we observe the capacity 
dynamics in Fig. 10 in the light of this explanation, we 
recognize emergence of investment cycles [18], [19] and 
periods of overcapacity in all scenarios, though with different 
timing and magnitudes. The early over-capacity situation that 
emerges in the flattening LDC scenarios is another reason for 
the emission dynamics discussed above. The overcapacity 
situation created by coal-based investments that are made 
prior to 2020 (before CCS becoming commercially available). 
In the presence of such a coal-dominated over-capacity 
situation, investments for generators with CCS technology has 
to wait until 2030s. Only after this point we observe 
significant investments in coal incineration facilities with CCS 
as overcapacity situation dissapears, and a new investment 
cycle starts. Similar observations are also valid for the other 
scenarios. The decline in the emissions during the last phase of 
the analysis is mainly as a consequence of the investment 
cycle that starts in the second half of the simulations (e.g. 
around 2030). 
 

 
Fig. 10. Capacity-to-peak load ratio 

V.  DISCUSSION AND CONCLUSIONS 
In this study we explore the impact of plausible changes in 

the load pattern on the future investment decisions, as well as 
the overall performance of the centralized generation system 
in terms of wholesale prices, capacity utilization, and carbon 
emissions. A multi-agent simulation model is used for this 
investigation. Based on six scenario simulations we aim to 
develop insights regarding the plausible impact of changes in 
the load characteristics such as load-duration curve (LDC) 
getting steeper or flatter. 

As expected a flatter LDC accommodates more room for 
high-utilization generation units, and this leads to an increased 
share of coal-based generation in the system. The opposite 
also holds true; in the case of steeper LDC, we observe that 
the share of generators with short response times (i.e. gas 
turbines) increases. The results stand as a concrete evidence 
for an intuitive expectation about the impact of changes in the 
LDC. A more interesting observation is regarding the overall 
sensitivity of the system to such changes in the LDC. We 
observe that a steepening LDC has a stronger impact on the 
generation mix, compared to a flattening LDC.  

The observation mentioned above is also valid for the 
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wholesale prices in the system. A flattening LDC leads to 
almost no change in the prices. However, we observe a very 
significant increase in prices as LDC gets steeper.  

As the character of LDC influences the fuel mix in the 
system, it also changes the pass-through rates for carbon 
prices. Observing the high carbon price scenarios (i.e. 
Scenarios 4, 5 and 6), we observe that flattening LDC yields 
an increase in the pass-through rates for carbon prices. 

In terms of carbon emissions, our pre-simulation hypothesis 
was to observe higher levels of emissions with a flat LDC 
since it would create more room for coal. This expectation is 
confirmed in the first half of the simulation time horizon (i.e. 
2010-2025 period), but by the end of the time horizon of the 
analysis it is seen that there is no significant difference in the 
emission levels. An even more striking observation is that the 
lowest emission levels are observed in a flattening LDC 
scenario (i.e. Scenario 6). As discussed above, increased share 
of coal in the fuel mix leads to increased carbon price pass-
though rates, which is also the case in Scenario 6. This creates 
a strong incentive for CCS investments, and as a result leads 
to lower emission levels. 

It is also seen that in the multi-actor setting of the market, 
contextual changes that alter the profitability ranking of 
generation options (e.g. LDC getting flatter to an extent to 
accommodate further coal-based generation, carbon prices 
exceeding a threshold that makes CCS investments profitable) 
trigger the emergence of overcapacity situations. 

Before closing, it should be considered that the analyses 
discussed in this paper aim to understand the general tendency 
of changes in the system n response to LDC changes in certain 
directions. In that respect, they are not meant to be predictions 
or projections. The way LDC will be changing in the 
following decades is highly uncertain and forecasting such a 
change is beyond the scope of our analyses. However, we 
wish to understand how the system may respond to a certain 
type of change. The results should be interpreted while 
keeping this perspective in mind.  

Furthermore, the analysis reported in this paper is quite 
limited when we consider the complexity of a system as 
electricity generation system, and also the degree of 
uncertainty regarding both the structure and important 
parameters of the system. Therefore, a more extensive 
exploration of the system and its behavior space is required, 
which stands as a future work. 
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