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Electricity generation from renewable energy sources (RES) has risen considerably over the last decade. The
integration of such a massive amount of RES-based electricity generation in the power system leads to so-called
integration or system costs, which are the result of some specific properties of RES. First, RES are location-
specific. E.g. wind power production sites are typically located far from load centers, increasing transmission
requirements and thus grid costs. Second, the output of some RES-based electricity generation is variable
and typically poorly correlated with the electricity demand. As the demand for electric power must be met
instantaneously, other dispatchable power plants must be available to ensure the adequacy of the power system.
This leads to so-called profile costs1. Finally, some forms of RES, such as wind, are only limitedly predictable.
As power systems are planned, be it via power markets or by an independent system operator, before real-time,
deviations from what is expected – e.g. forecast errors – need to be overcome with up- or downward regulation
of dispatchable generation, load or storage. The costs incurred to ensure a reliable power supply in light of the
limited predictability of RES-based generation are referred to as balancing costs.

In this abstract, we will employ a stochastic modeling framework that allows us to study and evaluate the
impact of intermittent wind power on this balancing cost, expanding our work presented at the 37th IAEE Int.
Conf. [2]. We here propose a hybrid stochastic unit commitment model to study the impact of imperfect wind
power forecasts. Such a stochastic unit commitment model seeks to minimize the expected operational cost as-
sociated with generating the electricity demand, given a large set of wind power forecast error scenarios. These
scenarios are discrete realizations of the wind power forecast error, each with a probability of occurrence. Such
a stochastic model simultaneously considers the reserve sizing, allocation and activation problem, including the
associated costs. If one takes into account a sufficiently large set of scenarios, such a model yields the optimal
unit commitment schedule under uncertainty. First, by comparing the resulting operational cost under forecast
conditions to the cost obtained from a deterministic model in which no reserves are maintained, one obtains a
proxy for reserve allocation cost. These are costs incurred by the system to keep capacity available for up- and
downward regulation. Second, the stochastic unit commitment schedule is tested on a large set of wind power
forecast error scenarios. The resulting expected cost is compared with an expected cost obtained from simula-
tions in which perfect foresight on the wind power forecast error is assumed. The latter solution is obtained by
solving the unit commitment problem for each scenario individually, assuming we have full knowledge of the
realization of wind power. As such, we obtain a proxy for the balancing cost. The total balancing cost is the
sum of the activation and allocation costs. A full description of the proposed framework can be found in [3],
including a description of the case study (see below).

1Hirth [1] defines profile costs as the difference in revenue from variable RES-based generation and dispatchable generation, taking
the perspective of the owner of the electricity generation facility. We here take a system perspective and associate profile costs with
adequacy.



Week 30 Week 9 Week 52 Week 39

Allocation cost [EUR/MWh wind] 6.0 4.6 0.4 1.9
Activation cost [EUR/MWh wind] -1.2 0.8 0.2 -0.3

Curtailment [MWh] 1.5 0 114,770 30,514
ENS [MWh] 1.8 18.5 5.5 17.3
Wind share [%] 10.6 13.5 77.7 50.1

Table 1: The balacing cost (the sum of the activation and allocation cost), the curtailed wind energy, the ENS
(energy not served) volumes and the expected share of wind energy (corrected for curtailment) in each of the
representative weeks.

As a case study, we will study the cost of wind power forecast errors in a system inspired by the Belgian
electric power system. Four representative weeks are selected, assuming a wind energy penetration level of
30% (annually, energy basis), using (scaled) wind and and demand data for the year 2013. These weeks were
selected based on the residual demand, i.e. the total electricity demand corrected for the wind energy generated
in each week. The week with the residual demand closest to the average weekly demand for electrical energy
(week 30), the week with the lowest residual energy demand (week 52), the week with the highest residual
energy demand (week 9) and the week with the residual demand with the highest variability (week 39) were
selected. Throughout the analysis, we will take the perspective of a system planner, i.e. we assume that we
have control and knowledge of all elements in the power system. We will focus on this scheduling problem in a
day-ahead market setting. In other words, we will solve the reserve allocation problem one day before the actual
realization of the uncertain variable reveals itself. This can be seen as the day-ahead market clearing problem,
taking into account the necessary regulating power requirements. Although the chosen perspective is distinctly
different from the way markets currently deal with uncertainty, it allows us to focus on the unavoidable impact
of uncertainty on the power system. Indeed, by assuming perfect knowledge (except on the uncertain variables)
and control on the assets of the power system at hand, distorting influences, such as e.g. market inefficiencies,
are removed from the equation. What is left, is the impact of intermittent RES-based power generation.

The results of the described case study are summarized in Table 1. We report the following system charac-
teristics for the four selected weeks: (1) the balancing cost, separated in allocation and activation costs; (2) the
volume of wind energy curtailed as a result of reserve scheduling; (3) the volume of load that is not met due to
imperfect wind power forecasts (ENS, energy not served); (4) the share of wind power in the demand during
each week. Allocation costs vary between 0.4 EUR/MWh and 6.0 EUR/MWh wind. At higher wind energy
penetration levels, capacity with low variable costs can be used as reserve capacity. Note that this capacity is
typically less flexible, which leads to high volumes of curtailment. In addition, wind power can participate in
the reserve requirements, lowering the average allocation cost. Activation costs are between -1.2 EUR/MWh
wind and 0.8 EUR/MWh and are highly dependent on the availability of regulating capacity with low variable
costs (e.g. scheduled curtailment or storage). Note that activation costs can also be negative, as when the
wind power production exceeds the forecast, fuel and carbon costs can be avoided in other conventional units.
The balancing cost, i.e. the sum of the allocation and activation costs, can however not be negative and varies
between 0.6 EUR/MWh wind and 5.4 EUR/MWh wind.

In conclusion; imperfect wind power forecasts require adequate reserve scheduling procedures in order
to minimize the balancing cost. However, even with state-of-the art generation system scheduling models,
significant allocation and activation costs may persist. The balancing costs are strongly dependent on the
variable cost of the regulating capacity available.
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