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Abstract—Decision making regarding the operation of
renewable-integrated power systems have become increasingly
complex in view of the need for flexibility, i.e., the ability
to accommodate time-dependent variability arising from the
interactions between uncertainties in the demand and renewable
power sources. In this paper, a two-stage stochastic unit com-
mitment program is proposed to determine cost-effective on/off
schedules for a wind-integrated power system. Uncertainties in
the aggregated load and wind power generation are considered to
generate random operating scenarios. Generation-side flexibility
metrics are introduced to trace and analyze events of energy not
supplied and/or wind power curtailment. An application of the
proposed optimization program is conducted for a modification of
the New England IEEE 39-Bus test system. The results show the
usefulness of the model for generation scheduling and providing
valuable insights regarding the design of operational strategies
for efficient use of wind power.

Index Terms—Power systems, wind energy, flexibility, unit
commitment, stochastic programming.

I. INTRODUCTION

During the last decades, most of the nations committed to
sustainability have been implementing various renewable en-
ergy policies to promote the integration of significant shares of
renewables into power systems [1]. The International Energy
Agency reports in [2] that the global renewable generation
capacity is on the rise, with an important contribution of wind
power technologies. However, the integration of high shares
of wind energy into existing power systems poses increased
complexities regarding decisions on infrastructure planning
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and operations. These complexities are a consequence of
the inherent variable (uncertain) nature of wind speed and,
therefore, of wind power, that interacts with other sources of
uncertainty, such as the load, to generate a highly dynamic,
time-dependent and uncertain operational environment [3].

From an operational perspective, the interaction of uncertain
wind power and loads translates into uncertain net-load pro-
files. Then, to accommodate high rates of variable wind power
requires a dispatchable generation fleet that provides enough
flexibility to meet the net-load ramp requirements without
compromising the reliability of power supply [4]. From a risk
analysis perspective, it is of interest to identify the combination
of factors, including net-load variability and (in)sufficiency
of flexibility, and decisions leading to negative operational
outcomes with respect to the planning objectives, such as
energy not supplied or excessive wind power curtailment [5].

Enabling the above mentioned type of analysis entails the
modeling of the operation of the power system to assess
diverse operational attributes of interest and, in particular, flex-
ibility. Various research works have resorted to mathematical
programming to this end, through variants of the economic
dispatch (ED) [6], [7], optimal power flow (OPF) [4], and unit
commitment (UC) [3] models; and correspondingly proposing
different metrics to evaluate requirements, availability and
(in)sufficiency of flexibility. The UC model raises particular
interest since it allows a proper modeling of the sequentially
time—dependent capabilities of cycling and ramping of conven-
tional generation units that condition the deployment of power
over time and, therefore, the extent of available flexibility.

In this work, we address the problem of modeling the
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operation of a wind-integrated power system accounting for
uncertainty in wind power generation and the aggregated
demand of the system. For this, we propose a two-stage
stochastic unit commitment model that embeds a sequential
Montecarlo Simulation (MCS) to sample different realizations
of the sources of uncertainty. The model is formulated as a
mixed integer linear program (MILP) and aims at finding an
on/off schedule that minimizes the expected value of the total
operating cost. Then, an a posteriori flexibility assessment is
performed on the cost-optimal on/off schedule. This is done
by introducing flexibility indicators into the modeling frame-
work, to trace the implications of the scheduling decisions on
the (in)suficiency of flexibility provided by the dispatchable
generation fleet of the system, and the associated impacts for
extreme scenarios of wind power curtailment.

II. PROBLEM FORMULATION

The power system is modeled as a graph composed by a
set of nodes N/, accounting for the locations of loads and gen-
eration units, and a set of edges £ representing transmission
lines that connect the nodes. Generation units are grouped into
two sets, G and WV, denoting conventional generation units and
wind power units, respectively.

For the construction of an optimal on/off schedule through-
out a horizon 7, the two-stage stochastic UC model considers
as sources of uncertainty the aggregated demand of the sys-
tem and the nodal wind speeds. The realization of different
scenarios ¢ of these parameters, explored by means of MCS,
are represented by the set 2.

A. Uncertain parameters

1) Aggregated demand: The aggregated demand of the
system D; (MW), over a given time period ¢ € T (e.g. one
hour), is considered as normally distributed with mean p; and
variance o7 [8]. Then, realizations of the aggregated demand
profiles {Dy¢}y—1,.. p| With § € Q are sampled from the
normal distributions corresponding to each period ¢t € T.

The nodal demand profiles for each scenario £ € £,
{Di.t.¢}t=1,..,/r|» are built by weighing down the aggregated
profile by a nodal factor p;, Vi € N, with >, p; = 1.

2) Wind speed: At nodes i € N where wind power units
are located, discrete wind speed time series {ws; ¢ ¢}i—1,. |7
are sampled by means of Seasonal Autoregressive Integrated
Moving Average (SARIMA) models [9] for each scenario £ €
). Each sampled wind speed time series is given in input to a
wind energy conversion model cw(wsiyté) [10], as in (1), to
determine the available wind power PV (MW) for a number
of NlW wind turbines located at node i € N, as presented in

2,

0 0< WS te < yin
WSi,t,e — v in R
—s UM <wsje< U

NV (wsie) = UR — yin = Woite (D)
1 UR <wsjpe <U™
0 otherwise

PY (wsige) = NV PR (wsie) )

where PR (MW) is the rated power of the wind turbine, and
Uin, UR and U (m/s) are the cut-in, rated and cut-out wind
speeds, respectively.

B. Objective function

The objective function (3) to be minimized corresponds
to the expected value of total cost quantity, given a set of
equiprobable scenarios 2 with probability P,

min E( 05

i =P Y Y Y COMP AL+

e | teT geguw

SN @ CEAL+ YT (ug C5Y + vy O5P)+

teTgGQ tETgeg
Z Z Py, AtHyp, C°% + Z Z LS eAtCPNS G)
teT 99 teT ieN

Z Z C (t 1,¢),€ AP;(t—l,t),f)

teT, geg

t>2

where P, ; > 0 are decision variables representing the power
in (MW) produced by generator g at period ¢ for the scenario &,
and CSM is the variable O&M generation cost in (US$/MWh).
xg.+ € {0,1} are binary decisions variables that take the value
1 when the generation unit g is on at period ¢ and takes
the value 0 otherwise. C’Ig: is the fixed cost of keeping the
generation unit g on for a period of time, measured in (US$/h).
Ugt, Vgt € {0,1} are binary decision variables that take the
value 1 when generation unit g is started up or shut down
at period ¢, respectively. C’;U and C’SD are the start-up and
shut down costs in (US$). H, and ug are, respectively, the
full load heat rate in (MMBtu/MWh) and the carbon intensity
in (tCOo/MMBtu) associated to the fuel used by generator
g. C2 is the carbon cost in (US$/tCOz). LS, ¢ > 0 are
decision variables representing the load shedding in (MW)
at node ¢ at period ¢ for the scenario &, and CZENS is the
penalty cost for the energy not supplied at node ¢, measured
in (US$/MWh). APU(t Le 2 0 and APP (=10, < 0 are
decision variables representing the positive and negative power
output ramps provided by generator g from period t — 1 to ¢
for the scenario £ and C’g in (US$/AMW) is the ramping cost
of generator g.

C. Commitment constraints

The first stage of the stochastic UC model considers com-
mitment decisions, restricted by the conditions below:

Ug,t + Vg,t S 13 Vg S g,t S T (4)
Tgt — Tgt—1 = Ug,t — vg,t,Vg € g,t € T,t > 2 5
Vgeg  (6)

Vgeg,teT,
t<|T| -t ™

Lg,1 = Ug,1,
U__
t+tY—1

U
tgugt < E :xgm
T=t
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|T|
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I7] Yge g, teT,
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Constraints set (4) impose that a generation unit g can
either be started up or shut down at period ¢, but not both.
Constraint sets (5) and (6) relate in time the status variables
24+ with the start up and shut down decisions, ugy; and vg ¢,
respectively. Constraints sets (7),(8), (9), (10), force generation
unit g to stay on or to cool off for at least tg and t]gJ periods,
respectively, before changing status again.

D. Dispatching constraints

The second stage of the model, in which uncertainty is intro-
duced, regards power dispatching decisions. The correspond-
ing constraints are based on the DC power flow approximation
[11] and are declared below:

D Pore+ Y BliAbgpe—
geG;uUW; (4,8)€EL

> By Ay ee + LSive = Dive,
(i])eL

P wgr < Py,

Pgie < Pgmaxmg,t —Tgt,¢

min
E :Tg,u& 2y

geg

VieN,teT,
£eq

(11)
Ygeg,teT, &€ (12)
Vge g, teT,£€Q (13)

vVt e T,&€Q(14)

ViEN,QEWi,
teT,£Ee€Q

V(i,7) € Lt € T,& € Q(16)
V(i,7) € Lt €T, € Q(7)

Py + PCYy e = PY(wsire), (15)

B A8 j).ee < PG )
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18
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Constraints set (11) represent the power balance at each
node of the system, where Af; ;)¢ are decision variables
associated to the voltage angles differences between nodes
¢ and j at period ¢ for scenario § and B; j (Q71) is the
subsceptance of line (4,5) € £. In (12) and (13), the power
output of a conventional generation unit g is correspondingly
limited by its technical minimum and maximum capacity, i.e.,

P;“i“ and P (MW). Constraints set (13) also considers the
decision variables ry ;¢ > 0 (MW) defining the spinning
reserve for generation unit g at period ¢ for scenario &.
The systemic spinning reserve requirement at period t is
established by ™" (MW), whose satisfaction is ensured by
(14). Constraints set (15) defines the power balance for a wind
power generator g, i.e., the sum of its power output P, ; . and
curtailment PC’;’Yt, ¢ equals the available wind power at period
t for scenario £. It must be pointed out that PC_}]’Yt, ¢ = 0(MW)
are decision variables. The capacity of transmission lines PI} ,

(MW) is imposed by constraints sets (16) and (17). On the
other hand, constraints sets (18) and (19) limit the upward
and downward ramping capacities of a conventional generation
unit g by the corresponding ramp rates r}]j and rgD (%), defined
as a percentage of its maximum capacity, or by start up and
shut down ramp rates, TZU and rgD (MW), when ¢ has been
started up or shut down at period ¢. Constraints sets (20) and
(21) ensure the estimation of the excluding positive or negative
power out ramp provided by generation unit g from period ¢—1
to ¢ for the scenario &, for evaluating the associated ramping
costs.

It is worth mentioning that, in this work, we consider the DC
power flow assumptions ( i.e., lossless transmission lines, flat
voltage profile and small voltage angles differences) will hold
with an acceptable error, even during peak load, for systems
whose transmission lines X/ R are above 5 and present a mesh
topology, as suggested by [11] and [12]. Moreover,

E. Method of solution

The proposed two-stage stochastic UC optimization model
has been formulated as a MILP and solved directly by a
traditional exact method, specifically, a linear programming-
based branch and bound algorithm.

III. FLEXIBILITY ASSESSMENT

In this work, a generation-side flexibility assessment is
made a posteriori, once the optimal on/off schedule has been
determined. This assessment is based on the comparison of
quantities representing the net flexibility requirements, im-
posed by the net-load, and the available flexibility in the
system, and can shed valuable insights for analyzing the
occurrence of events for which amounts of energy not supplied
or wind power curtailment arise due to flexibility insufficiency.

Considering the above, the net-flexibility requirement N F'R
(MW), for one time step (¢,t+1), witht € T,¢ < |T|—1, and
for a given scenario £ € €, can be defined as the aggregated
deployment of power needed from the conventional generation
fleet, from period ¢ to t 4 1, to meet the net-load at ¢ + 1, as
expressed in (22):

NFR(t,t+1),§ = NDt+1,g - Z Pg,t,g
geg
where ND (MW) is the net-load defined in (23) as the total

demand-less available wind power at period ¢ € T for scenario
&e

(22)
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It is important to note that net-flexibility requirements
NFR( 41y, can be for an upward (> 0) or downward(< 0)
of power deployment.

On the other hand, the available flexibility at period ¢ mea-
sures the aggregated power that can be effectively deployed
by the conventional generation fleet to period ¢ + 1, to meet
the net-load at ¢ + 1. For each conventional generator in the
system, this deployment is conditioned by its capability of
cycling and ramping over time, attributes which are repre-
sented in the proposed UC model. Then, the available upward
and downward flexibility, F;(t’t+1)7£ and F_z]]),(t,t+1),.f’ for a
conventional generation unit g € G for one time step (¢,t+1),
with t € T,¢ < |T| — 1, and scenario £ € ), are respectively
defined as:

(23)

U : U ax ax

Eq,(t>t+1)7£ = mm{rg P.t;m ’P;d - Pg,té}xgytxg,tHJr (24)

(1= 2g0)ag 41,
F;),(t,t+1),£ == min{rgDP;axa Pyie— P;m}xg,tfg,tﬂ(—%)

Ty (1= 2g,441)Tg,,
The available upward and downward flexibility in the sys-
tem, F;J,(t,tﬂ),f and F;),(t,tﬂ),g’ for one time step (t,t.—i— 1)
correspond to the summation over the set of conventional
generation units G, and attend correspondingly upward and
downward net-flexibility requirements NF'R; ;1) ¢. Then,
the (in)sufficiency of flexibility to accommodate variable
wind power over time can be measured by the net-deficit
of flexibility metric NDF' proposed by [7], here properly
adapted to the proposed methodology. Thus, the net-deficit
of flexibility NDF{; 41y, for one time step (¢,t + 1), with
t € T,t<|T|—1, and scenario £ € (2, is defined as follows:

NFR@asye— O Fouiine *

geG
FP — NFR (26)
Z g,(t,t+1),¢ (tt+1),6  **
geG

N.DF(t7t+1)7§ -

where, * and *x stand for conditions NFR(; ;1) ¢ > 0 and
NFR( 141),e <0, respectively.

In this way, for a given optimal on/off schedule defining the
status variables x4, for each conventional generator g € G
and the corresponding power outputs Py, ¢, it is possible
to observe and analyze, for a given scenario £ € ) and
time step (¢, ¢+ 1), non-negative and non-positive occurrences
of NDF; 41, implying insufficiency and sufficiency of
flexibility to meet the requirements imposed by the net-load.

IV. APPLICATION

The implementation of the proposed two-stage stochastic
UC model and a posteriori flexibility assessment is performed
on a modification of the New England IEEE 39-Bus test
system [13], [14], which is described in the following.

A. System description

The determination of the optimal on/off schedule is per-
formed for an horizon of |7| = 24 (h) with hourly resolution,
i.e.,, At = 1 (h). The system under consideration presents
|G| = 10 conventional generation units. The aggregated
maximum generation capacity in the system is 7367 (MW).
In addition, the system has |£| = 46 lines, whose technical
parameters, i.e., capacity P(I? 7 (MW) and subsceptance B;
(Q~Y), V¥(i,5) € L, are obtained from [14]. A diagram of the
New England IEEE 39-Bus test system can be found in [15].

The type of technology, technical and cost parameters of the
conventional power generation units are reported in Tables I
and II. Start up and shut down ramp rates, 75 and 75> (MW),
are set equal to P;‘i“ (MW), and the shut down cost CSP (US$)
is considered negligible [13].

TABLE I
LOCATION, TYPE AND TECHNICAL PARAMETERS OF CONVENTIONAL
POWER GENERATION UNITS [13], [14], [16], [17].

Node | 1.p Hy, 1 prax T pmin T U D T340 4D
i @ P MW) | (MW) (%) (h)
30 Hydro - - 1040 624 1.00 5
31 Coal 10.65 | 0.103 646 207 0.15 2
32 Gas 7.81 0.053 725 327 0.30 2
33 Coal 10.65 | 0.103 652 209 0.15 2
34 Gas 7.81 0.053 508 229 0.30 2
35 Coal 10.65 | 0.103 687 220 0.15 2
36 Gas 10.83 | 0.073 580 290 0.50 1
37 Coal 10.65 | 0.103 564 180 0.15 2
38 Nuke 10.46 - 865 346 0.05 5
39 I.C.© 8.00 0.100 1100 440 0.10 1

2 in (MMBtW/MWh).

P in (MtonCO2/MMBtu).

¢ Interconnection.

TABLE 11

LOCATION AND COST PARAMETERS OF CONVENTIONAL POWER
GENERATION UNITS [13], [17].

Node | COV cr Sy CR
7 (US$/MWh) | (US$/h) | (kUS$/h) | (US$/AMW)
30 9.19 1000 - -
31 17.55 680 43.09 2.233
32 21.80 450 21.45 1.471
33 16.50 680 43.49 2.213
34 19.70 450 15.03 1.600
35 16.50 680 45.82 2.100
36 27.74 480 20.18 1.839
37 20.10 680 37.62 2.558
38 23.11 1200 24.08 -
39 21.79 670 18.63 1.452

The mean p; and standard deviation values oy, Vi € T,
of the hourly normally distributed aggregated daily demand
profile are reported in Table III [13]. The nodal factors p;, Vi €
N, to weigh down a sampled aggregated demand profile and
determined nodal profiles, are derived from [14].

In regards to wind power generation, to accentuate the
effects of wind power variability in the system, all wind power
capacity is arbitrarily concentrated at node 6. The wind farm
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TABLE III
MEAN AND STANDARD DEVIATION OF THE HOURLY AGGREGATED
DEMAND PROFILE [13], [17].

tET | px MW) | 0z (MW) | L€ T | pz (MW) | o7 (MW)
1 2139.12 267.39 3 427825 53478
2 2291.92 286.49 14 3972.66 496.58
3 2597.51 324.69 15 3667.07 458.38
4 2903.10 362.89 16 3208.68 401.09
5 3055.89 381.99 17 3055.89 381.99
6 3361.48 420.18 18 3361.48 420.18
7 3514.27 439.28 19 3667.07 45838
8 3667.07 45838 20 4278.25 534.78
9 3972.66 496.58 21 3972.66 496.58
10 427825 534.78 22 3361.48 420.18
11 4431.04 553.88 23 2750.30 343.79
12 4583.84 572.98 24 2444.71 305.59

subscribes a rated capacity of 2000 (MW), corresponding to
NY = 1000 wind turbines with rated power PV = 2 (MW),
based on the Vestas V90 technology. Consequently, the cut-in,
rated and cut-out wind speed for the wind energy conversion
model in (1) are U™ = 4, UR = 13 and U™ = 25 (m/s),
respectively. To model wind speed at node 6, a SARIMA
model is fitted to an annual wind speed time series with hourly
resolution. This wind speed time series is obtained from [18],
and presents a Weibull-like distribution with approximated
shape and scale parameters £ = 2 and a = 7, respectively,
implying an annual average wind speed of 6.2 (m/s).

Additional parameters set for calculation of the objective
function include the carbon cost C€%2 = 5 (US$/MtonCO5)
and the penalty for energy not supplied CENS 9000
(US$/MWh), Vi € N. It is important to mention that the vari-
able O&M generation cost C;)M for wind power is regarded
as 0 (US$/MWh), which is a common assumption found in
the literature.

A set of |Q] = 100 of 24 (h) length discrete time series for
the aggregated demand and wind speed at node 6 were con-
sidered as inputs for the proposed MILP two-stage stochastic
UC model. The model was implemented in Python, by means
of the package Pyomo, and run on an Intel I7 processor with
2.70 GHz and 16 Gb of RAM. Gurobi 9.1.1. was set as solver.

B. Results

The obtained cost-optimal on/off schedule presented in Fig.
1 is coherent with the mean profile of the aggregated demand,
i.e., more conventional generators g are in on status (z4; =
1,Vg € G,t € T (white cells) around peak hours, and in
off status z,; = 0 (black cells) during low demand hours.
It can be noticed that the optimal schedule relies mostly on
coal, gas and hydro technologies, in a effort to balance cycling
and ramping cost and penalties for incurring in energy not
supplied vs. the carbon cost and the negligible variable O&M
cost associated to wind power generation.

The optimal on/off schedule subscribes a total expected cost
of approx. 4.043 (MUSS$), with a level of expected CO5 emis-
sions of 41.124 (Mton), expected energy not supplied of 152.7
(MWh) and expected percentage of wind power curtailment of
23 (%). Even though the obtained on/off schedule provides a
cost-effective performance, the rate of wind power curtailment

30 [N
31

32 -

33
34
35

36 -
37 -
38
39

Node i

1234567 8 9101112131415161718192021222324
Time period ¢ (h)

Fig. 1. Optimal on/off schedule.

suggests a less adequate performance concerning flexibility.
To analyze this, we refer to the quantities used to measure
flexibility performance for the operational scenario £ =
This scenario can be considered extreme since it presents a
high level of wind power available of approx. 36485 (MW),
with an approximate 36 (%) of curtailment. Figs. 2 and 3 show
the aggregated power dispatching by generation technology
and the flexibility assessment quantities for scenario £ =
respectively.

6000

—e—Load
—e—Net-load

Power (MW)
S 8
8 8
R |

T
||||| (LT
LWL |

1 2 3 45 6 7 8 910111213141516 17 18 19 20 21 22 23 24
Time period ¢ (h)

Fig. 2. Aggregated power dispatching by generation technology. Scenario
7.

I I I I I
B Down. Flex.

I I I L I I L I I L L I I L L I I
2500 ~[m=mUp. Flex. WEENFR  WNDF <( W NDF > 0]

2000

1500
1000
500

Power (MW)

=500

—1000

—-1500

Fig. 3. Flexibility assessment quantities. Scenario £ = 7.

As it can be observed in Fig. 2, given the cost-optimal on/off
schedule and the dispatching decisions for scenario { = 7,
the aggregated power output of conventional generation units
does not match the net-load throughout all periods ¢ € 7.
This translates into upward and downward N F'R values for
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some time steps (¢,¢ + 1) within 7, as shown in Fig. 3.
Moreover, considering that at the dispatching decisions level,
avoiding energy not supplied is prioritized over wind power
curtailment, the observed amounts of this latter quantity in Fig.
2 (Wind PC) are mostly attributed to the scheduling decisions.
For instance, the postponement of the start up of the coal-based
and hydro units from periods 2 to 3 and 5 to 7, would have
served to decrease wind power curtailment.

To complement the above-mentioned findings, Fig. 3
presents an imbalance between available upward and down-
ward flexibility. In fact, most observations of deficit, i.e.,
NDF > 0, are due to insufficient downward flexibility,
limited mainly by the restricted cycling provided by the cost-
optimal on/off schedule. In other words, the cost-based UC
model decides not to frequently start up and shut down
generation units to avoid incurring in cycling costs. This is
noticeable in Figs. 1 and 2, from the behavior of the gas-based
units and interconnection at nodes 36 and 39, respectively,
both presenting the lower cool down and warm up times. The
frequent cycling of these type of units would provide more
available downward flexibility to accommodate more wind
power, especially, for time steps (¢,t + 1) with downward
NFR.

Then, a valid research question that can be formulated
regarding the integration of flexibility assessment quantities
into the commitment decision-making process to design on/off
schedules that effectively control extreme scenarios with high
rates of wind power curtailment, control that is hindered by a
pure cost-based criteria.

V. CONCLUSIONS

This work has presented a two-stage stochastic unit commit-
ment model to determine a cost-optimal on/off schedule for a
wind-integrated power system. The proposed model accounts
for uncertainty in wind power generation and the aggregated
demand of the system. A sequential MCS is performed to
sample a set of realizations of these uncertain parameters
within the time horizon of analysis.

An ex-post flexibility assessment is integrated into the
modeling framework to analyze how adequate are the cost-
based scheduling decisions to cope with the occurrence of
extreme scenarios with considerable amounts of wind power
curtailment.

An application of the proposed model is performed on a
modification of the New England IEEE 39-Bus system. The
results show the capability of the modeling framework in
building a cost-efficient on/off schedule and providing useful
insights to study the operational behavior of the system, con-
fronting undesired operational outcomes with the sufficiency
or insufficiency of flexibility.

Future work will address the challenge of integrating flex-
ibility quantities into the decision-making process, for de-
signing on/off schedules that trade-off operational cost and
the extent of provided and used flexibility, to accommodate
higher rates of variable wind power, without compromising
the reliability of power supply.
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