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Abstract

This paper proposes a new simulation method that can fully measure the impacts of large-scale wind power on system operations
from cost, reliability, and environmental perspectives. The method uses a time series of observed and forecast 15-min average
wind speeds at foreseen onshore- and offshore-wind farm locations. A Unit Commitment and Economic Dispatch (UC-ED) tool is
adapted to allow for frequent revisions of conventional generation unit schedules, using information on current wind energy output
and forecasts for the next 24 h. The problem formulation includes ramp-rate constraints for generation schedules and for reserve
activation, and minimum up-time and down-time of conventional units. Wind power forecasting does not provide significant
benefits for optimal unit commitment and dispatch. Minimum load problems do occur, which result in wasted wind in amounts
increasing with the wind power installed.
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I. INTRODUCTION

Wind power is commonly regarded as challenging for power system operation due to its limited predictability and changeability.
In particular, optimal selection of on-line units (unit commitment) and optimal output levels of committed units (dispatch
procedures) for conventional generation need to be revised. Additional reserves for wind power must be allocated to guarantee
operational reliability and minimize associated cost. Assessment of the wind power’s impact on unit commitment and dispatch is,
therefore, a fundamental issue when integrating more wind power into power systems. Schedules with neighboring systems, the
obvious, and often, the only solution for variability and limited predictability is to use conventional generation units to compensate.
Acceptable capacity in the presence of wind power is quantified using a Monte Carlo approach, as in System reserves for combined
load and wind forecast errors are assessed using probability density functions. In, computing reserve requirements for conventional
generation systems with large-scale wind power have been described. The probabilistic methodology for the cost assessment of
wind power unpredictability, described in, differs from a deterministic approach, applied in this paper. Dany investigates wind
power’s impact on the required system reserves level under central dispatch. However, a number of plant parameters critical to
solving the unit commitment problem (minimum up-time and down-time, minimum production, etc.) are not specifically taken
into account. In, a unit commitment program was adopted to determine wind power’s impact on a thermal system operation.

This research focuses on investigating the technical capabilities of a thermal generation system for balancing wind power. A
significant part of installed thermal generation consists of combined heat and power (CHP) units, which impose additional controls
on unit commitment and dispatch due to heat-demand-driven operation. In addition, about 20% of generation is connected at
distribution level, and hence, not available for central dispatch. Our objective is to determine wind power’s impact on thermal unit
commitment, including assessing the benefits of metering and predicting wind. Parameters investigated include operating costs,
emission savings, and wind wasted. It is assumed that power variations should be balanced within the system in less than 15 min
to bring back exchanges to their schedules, as required by UCTEL. Therefore, unit commitment and dispatch calculations are
carried out for each 15-min interval, which coincides with the resolution interval. The simulation method applied here uses a
dynamic programming optimization algorithm with a heuristic de-commitment scheme for solving Unit Commitment and
Economic Dispatch (UC-ED) under ramp-rate constraints.

The paper is organized as follows.

First, an assessment is made of wind power variability for increasing installed wind power levels, in combination with existing
load variations.

Then, wind power forecasts are developed and an analysis of wind power prediction errors is given in Section IlI.

Then, the optimization model is described in Section 1V, which includes the make-up of the thermal generation system
investigated, the simulation setup, and the use of wind power forecast data in the unit commitment and dispatch logic.

Simulation results in Section V include wind power produced and wasted and wind power’s impact on operating costs and
emissions, including the value of wind power predictions.

Smart integrated power monitoring, control & data acquisition system is an advanced power quality monitoring and event
detection system. It is combination with remote monitoring and control of the electrical network apparatus, operating under single
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and integrated application software and a state of art field data acquisition hardware capable of implementing both functions
internally from a single box. The system is centralized and provides a remote web monitoring with clients.

1. LOAD AND WIND POWER VARIABILITY

For the investigation of large-scale wind power, wind power production was modeled using weather data and park aggregated
speed—power curves. Wind speed time series for the study period at planned wind park locations are created such that the spatial
correlation between the sites is taken into account. The development of wind power output data is described in more detail. The
offshore wind power will have a significant impact on conventional generation unit commitment. To keep generation and demand
in balance at all times, variations in system load and wind power must be matched by sufficient regulating power. In this research,
we are using a steady-state approach, expressed in megawatts (MW) per 15 min. The total regulating power required at any moment
depends on the sum of variations in system load and wind power. Wind power variations may counterbalance or amplify load
variations. To determine the total regulating power on a system scale, the accumulated variations must be investigated. This can
be done by effectively regarding wind power as negative load. Fig. 1 shows the need to regulate power due to load and increasing
wind power. Upward and downward regulating power is arranged in decreasing order. From the figure, it can be determined that
only with load, downward regulating power is needed more often than is upward regulating power (58% versus 42% of time);
while upward regulating power exceeds downward regulating power in size. This change as the installed wind power increases:
for 8 GW of installed wind power, downward regulating power is needed only 55% of time. As can be expected, as the installed
wind power increases, both upward and downward regulating powers increase in size.
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Fig. 1: Need for regulating power duration curve for power variations of load only and load and various wind power dispersions combined.

I1l. LIMITED PREDICTABILITY OF WIND POWER

-A. Data Development

Day-ahead predictions (12—24 h ahead) have been made with the ECN wind power forecasting method AVDE, which is a physical
method with a statistics module output. The forecasting method takes into account the local influences of roughness, obstacles,
and stability on wind speeds at the specified height. The forecasts are based on underlying runs of the atmospheric high-resolution
limited area model (HIRLAM). HIRLAM numerically approximates the physical state of the atmosphere at 3-h intervals with
initial conditions taken from recent observations. The wind speeds approximated by HIRLAM are post processed by AVDE into
15-min averaged wind speed at sensor height for two onshore and five offshore measurement locations. Using the same method
applied for interpolating wind speed data, wind speed forecast errors are interpolated at the planned wind park locations, and
finally, added to the measurements to create forecast wind speed time series at the locations of interest. The minimum lead-time
of a numerical weather prediction (NWP)-model fed forecasting method as used here is usually 3-6 h. Forecasts for the first 0-3
h are usually covered by persistence-based forecasting method fed by real-time measurement data. To fill in the data for the missing
forecast lags, the 12— 36 h ahead aggregated wind power forecast errors are modeled as an auto-regressive moving average
[ARMA(1,1)] process:
o(t) = ap(t — 1) + by(t — 1) + y(t) ----------mmm--- 1)

where y(t) ~ N(O, o) is a zero-mean, normally distributed noise term of standard deviation c. The parameters a, b, and ¢ of the
ARMA process are estimated via the maximum likelihood estimator (MLE) method. Finally, forecast and measured wind speeds
are passed through the speed-power curves by location and aggregated at the system level. Fig. 2 shows an example of the realized
and predicted wind power for 3 and 36 h ahead, over a one-week horizon.
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Fig. 2: Wind power forecasts 3 and 36 h ahead of operation compared to realized wind power production for one week, 8 GW.

#. Analysis of Forecast Data

The forecast error ¢ (MW) is defined as the difference between forecast and actual wind power output at the system level:

¢' = l:)forecast - l:’measured """""""""" (2)
The normalized standard deviation per forecast lag oj , where
j=1,2,...,36 isdetermined for each separate wind power penetration:
1 n (b—u) 2
Gi - Pinst * i=1 n (3)

in which pj equals the mean of all forecast errors (MW) for a particular forecast lag, n the total data sample available for a given
lag, and Pinst the amount of installed wind power in MW.

Fig. 3 develops the normalized standard deviation of the prediction error for 0-36 h a head wind power forecast. Further
statistical analysis of the forecast data shows that about 99% of the probability mass is within p £ 3c, which, for the 8 GW installed

wind power and a +36-h lag, translates to about 4 GW or 50% of the installed capacity.
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Fig. 3: Forecast error normalized standard deviation for 8000 MW installed wind power

1V. SIMULATION MODEL

Unit commitment decisions are typically assessed only once or twice a day, while generation unit output changes may be carried
out continuously during the day (dispatch). Due to the reasonable predictability of system load, intra-day calculations for unit
commitment may be necessary only when unexpected, significant changes occur in generation (i.g. outages) or demand. As wind
power is far less predictable than is system load, the integration of significant wind power requires unit commitment calculations
to be carried out more often, preferably each time updated wind power forecasts are available.2 the availability of accurate, near
real-time wind power measurements are a necessity for unit commitment and dispatch decisions.
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A. Simulation Objective and Constraints

Our unit commitment and dispatch tool uses three execution time horizons: an annual horizon for maintenance scheduling, a weekly
horizon for production cost optimization, and an hourly or other short-time horizon for unit dispatch. The model inputs heat demand
areas, system load, generation unit capabilities, wind power, and hourly updated wind power forecasts. Unit commitment and
dispatch are optimized on a 15-min basis to achieve minimum operating cost, while all of the following constraints are met:

— electricity demand;

— heat demand in all heat areas;

— ramping capabilities of generation units;

— minimum up-time and down-time.

Optimization of unit commitment and dispatch are performed using the so-called equal marginal cost method, in which the
objective function is the total cost for generating both heat and power. Decremental dispatch and de-commit costs are calculated
for all 74 units included in the model and the unit with highest decremental or de-commitment gain is ramped down or de-
committed, taking into account heat demands in the heat areas and system load.

H. Simulation Setup

The simulations of unit commitment and dispatch in this paper are carried out for one year, with a resolution of 15 min, for different
installed wind power capacities.

The calculations are carried out using an hourly update of wind power forecast for 0-36 h ahead as developed in Section IlI. It
is assumed that a re-calculation of unit dispatch is performed every 15 min using updated system measurements of load and actual
wind power production levels. Furthermore, it is assumed that wind power can be fully managed (ramped down) if required and
that no prediction errors apply for system load.

In the simulations, the following situations may occur, indicating possible technical limitations for the integration of large scale
wind power.

— Insufficient downward regulating power: This results in increased heat production by heat boilers and in wasting available
wind resources.

— Minimum load problems: This results in increased heat production by heat boilers and in wasting available wind resources.

— Insufficient upward regulating power: This is caused by insufficient available spinning reserve or insufficient ramp rates of
available spinning reserves, and results in unserved energy.

V. CONCLUSIONS

The above explanations show a new simulation method has been developed for assessing wind power’s impact on system operation
cost, reliability, and emissions. The method has been applied to assess wind power impacts on unit commitment and dispatch of
thermal generation units for increasing wind power penetrations. It is shown that wind power production reduces total system
operating costs and emissions exhaust. In this paper we measure the impacts of large-scale wind power on system operations from
cost, reliability, and environmental perspectives. The method uses a time series of observed and forecast 15-min average wind
speeds at foreseen onshore- and offshore-wind farm locations.
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