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The high penetration of renewables envisaged for future power systems will significantly increase
the need for flexible operational measures and generation technologies, whose associated investment
decisions must be properly planned in the long term. To achieve this, expansion models will need to
incorporate unit commitment constraints, which can result in large scale MILP problems that require sig-

nificant computational resources to be solved. In this context, this paper proposes a novel Dantzig-Wolfe
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decomposition and a column generation approach to reduce the computational burden and overcome
intractability. We demonstrate through multiple case studies that the proposed approach outperforms
direct application of commercial solvers, significantly reducing both computational times and memory
usage. Using the Chilean power system as a reference case, we also confirm and highlight the importance
of considering unit commitment constraints in generation expansion models.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Motivation: increased need for system flexibility

The high penetration of renewables envisaged for future power
systems will significantly increase the requirement for flexi-
ble operational measures and generation technologies [1]. This
requirement and the associated resources that can provide it must
be properly considered in short term system operation and long
term investment decisions [2].

In this framework, several papers have studied the impacts of
variable renewable generation on the scheduling regime of thermal
units, number of startup and shutdown operations of conven-
tional plants, ramping requirements, and reserve requirements [3].
Although most studies focus on operational aspects of renewables,
several papers report on impacts on the planned generation capac-
ity mix [4,5], and fundamentally question the ability of traditional
planning approaches (e.g. screening curve criteria [6]) to prop-
erly incorporate the need for resources that can provide various
frequency control services and flexibility to systems with high pen-
etration of renewables. Traditional planning approaches are usually
based on a non-chronological representation of the load, ignoring
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short term complexity, such as startup costs, minimum operational
times, ramp rates, and minimum stable output constraints [4].
However, [5] shows that ignoring short term constraints in gen-
eration planning can lead to a suboptimal capacity mix with up to
17% higher operational costs in the case of the Electric Reliability
Council of Texas.

1.2. Current generation expansion planning approaches

Although generation capacity expansion models have histori-
cally ignored short term constraints, recent effort attempted to
include them in long term planning [5,7-10]. These were largely
focused on solving the generation planning problem based on
either heuristic [9,10] or optimization [5,7,8] methods. Heuris-
tic methods such as those developed by Batlle and Rodilla [9]
aim to improve the screening curve criteria to include renew-
able generation and the need for system flexibility. Although some
improvements can be obtained with these types of methods, no
optimality metrics have been reported.

Regarding optimization methods, [7] proposes stochastic
expansion planning to increase system security with high penetra-
tion of renewables through integration of fast response (flexible)
thermal units. They used a unit commitment model to represent
the system operation (although startup costs and minimum up and
down time constraints were neglected) and considered a 10-year
horizon, where the computational burden was tackled by applying
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Nomenclature

Investment variables

IGy g

IG,
IG) 4

IG}

additional units installed in year y of generator type
g

vector of additional units installed in year y

total available units to operate in year y of generator
typeg

vector of total available units to operate in year y

Operational variables

Dytg number of shutdowns at hour t in year y for gener-
ator type g

LSy load shedding at hour t in year y [MW]

Pyte power supplied by generator type g at hour t in year
y [MW]

Rpy:g  primary reserve of generator type g at hour t in year
y [MW]

Rs;,‘f’t,g up secondary reserve provided by generator type g
at hour tin year y [MW]

Rsﬂf’&" down secondary reserve provided by generator type
gat hour tin yeary [MW]

Syte number of startups at hour t in year y of generator
type g

Uytg number of committed units at hour ¢ in year y of
generator type g

Xy vector of operational variables in year y

Parameters

aVR percentage of the variable generation output cov-
ered by secondary reserve

Ay matrix that couples operational and investment
decisions in year y

Cup unsupplied demand cost [USD/MWh]

c},’jg investment cost annuity of generator type g in year
y [USD/MW]

c§,“" vector of discounted investment cost in year y
[USD/MW]

cgp vector of discounted operational cost in year y
[USD/MWh]

g startup cost of generator type g [USD]

o% variable cost of generator type g in year y
[USD/MWh]

Lyg load at hour t in year y [MW]

Lmax maximum load in year y [MW]

e maximum units to be installed of generator type g

NG number of generators types

P}‘}"t""g’ available generation at hour t in year y as a pro-
portion of the maximum capacity of one unit of
generator type g

szrm firm capacity of generator type g

pgax maximum capacity of a unit of generator type g
[MW]

Pg“n minimum capacity of a unit of generator type g
[MW]

Py maximum output of generator type g when started
(MW]

r discount rate

Rdng maximum down ramp rate of a unit of generator
type g [MW/h]

RM planning reserve margin

Rpg®*  maximum primary reserve capacity of generator
type g [MW]

Rsg®  maximum secondary reserve capacity of generator

type g [MW]

Rrpy primary reserve requirement at hour t in year y

(MW]

Rrsys secondary reserve requirement at hour t in year y
(MW]

Rupg maximum up ramp rate of a unit of generator type
g [MW/h]

T number of subperiods

tg"ﬁc minimum down time of generator type g [h]

tg" minimum up time of generator type g [h]

Y number of years in the planning horizon

Operational set and index

g index of generator types

g e TH set of thermal generators
geF set of fast response generators

g e VR setof variable renewable generators
t index of subperiod
y index of planning year

Benders decomposition. However, under this approach slave sub-
problems must be linear and, hence, all integer variables, such as
unit commitment states, have to lie in the master problem [11],
leading to a high dimensional integer programming (IP) master
problem. Consequently, [7] considered planning for a reduced set
of fast response gas turbines, with future wind and thermal gener-
ation capacity assumed to be fixed.

The unit commitment problem was extended by Ma et al. [8]
to control investment decisions in the entire generation mix, mini-
mizing the sum of investment and operational costs. The resulting
combined unit commitment and capacity expansion (C-UC-CE)
model, was a high dimensional mixed integer linear problem
(MILP). Computational burden was limited by considering a small
number of units (e.g. 26 units) with a planning horizon of a sin-
gle year, represented by a reduced number of typical weeks (e.g.
5 weeks). Similarly, [5] proposed a C-UC-CE model that aimed
to avoid combinatorial explosion by grouping similar generators
into equivalent plants, driving reductions in computational time by
approximately a factor of 400. In addition to including unit commit-
ment constraints, [12] represented long term uncertainty through
a reduced number of sample weeks for wind and load profiles,
and short term wind forecast error was included as an additional
amount of operating reserves as a fraction of wind power fore-
cast. Although these methods have reported clear improvements in
terms of computational performance, only static planning was per-
formed and further developments are necessary to solve planning
problems on realistic sized systems in a multi-stage fashion.

1.3. Paper contribution and structure

Development of C-UC-CE models is critical for improving
investment decisions in generation infrastructure in future power
systems. New methods to tackle the high complexity of such prob-
lems are required to obtain fast and timely solutions of large
C-UC-CE models. We propose using a Dantzig-Wolfe decomposi-
tion together with a Column Generation approach [13], to solve
C-UC-CE models in a multi stage fashion with significant reduc-
tion in solution times. Additionally, we use concepts and methods
from current power system literature to overcome intractabil-
ity through clustering techniques, tight formulations of the unit
commitment problem, and classical screening curves as an initial
point for the Column Generation approach. We analyze the ben-
efits of our proposed approach through multiple case studies and
demonstrate that C-UC-CE problems can be solved with reduced
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timescales and efficient RAM usage. Furthermore, we stress the
importance of planning generation capacity through a C-UC-CE
model and demonstrate that neglecting short term constraints in
planning can result in suboptimal portfolios of generation tech-
nologies which may not deliver sufficient flexibility to facilitate
integration of renewables.

Section 2 presents the C-UC-CE problem. Section 3 details the
proposed Dantzig—Wolfe decomposition together with the Column
Generation approach used to solve the C-UC-CE problem. Section
4 presents the results for several test cases, including the Chilean
Power System. Section 5 summarizes our conclusions and future
work.

2. Generation expansion model

As explained in [5], the objective of a C-UC-CE model is to min-
imize the sum of investment and operational costs for a certain
planning horizon. The proposed model considered a single busbar
with no transmission constraints and, hence, decisions were made
on (i) which generating units to build each year, (ii) which units
to commit in a period of time (e.g. an hour), and (iii) how much
power each unit generates, simulating the decisions made by a cen-
tral planner. This approach can be used by utilities for benchmark
analysis and by policy makers and regulators to assess and define
alternative policies and regulatory frameworks to achieve future
targets [14].

For the case of a system with thermal (TH) and variable renew-
able (VR) generators, the optimization problem is:

Objective function: Minimize total investment costs for each
year on the planning horizon and operational cost on each period
of time,

. Clnvy COy
i (1+r)" Z(l+r)V’ M

where the investment cost in year y is

NG y

Clnvy = ZZC'”VIGl’g, 2)

g=1 I=1
and the operational cost for each year is
T NG

oy => > (

t=1 g=1

“Pytg+CgSytg) + Cup LSyt | - (3)

Unit clustering: Incorporating unit commitment decisions into
a capacity expansion model leads to a high dimensional mixed inte-
ger linear problem. However, we can reduce the complexity by
combining similar power plants into a single equivalent generator,
following [5] (i.e., if similar generators (with the same technology)
are available to be built, we can cluster them into units of a rep-
resentative plant). Hence, rather than a binary variable for each
independent unit, investment and commitment decisions may be
represented by integer variables for the cluster of units with upper
and lower bounds,

y
O<uyrg < ZIG,’g < Ipax, (4)
I=1

Palmintier and Webster [5] show that clustering does not imply
significant loss of accuracy but does significantly reduce solution
time. Our proposed decomposition can also be applied to the C-UC-
CE problem without clustering with the benefit of reducing solution
time and overcoming intractability.

Main constraints: The solution must meet several technical
constraints.

(a) Power balance constraint: Total power generated plus the poten-
tial unserved load must be equal to the load at all time periods,
ie.,

NG

Zpy,tyg +LSye=Lye Vy.t (5)
g=1

(b) Operating reserves: Reserve must be ensured to maintain the
security of the power system, such as primary reserve that
operates within a few seconds right after the imbalance occurs,

> Rpyig = Ripye Wyt (6)
geTH

and secondary up and down reserve that operates within 30s

and 15 min,

D R =Y " Pyeg = Rrsyh Wyt (7)
geTH geVR

and

ZR gdown Za Pytg> Rrsdo‘"’” vy, t, (8)
geTH geVR

respectively. Additional secondary reserve must be held for
renewables to account for short term uncertainty [12]. The pri-
mary reserve requirement Rrpy considers forced outages and
the secondary reserve requirements Rrs“p and Rrsd"W" also con-
sider load variations.

(¢) Minimum and maximum generation limits: Generator outputs
must be within their limits, i.e., no more than the maximum
capacity can be generated (including reserves), and the output
must be at least the minimum output required to have stable
power production,

Pytg+prtg+Rsytg < uy,tngaX Vy,t Vg e TH, 9)
and
Uy, 1 gPIN + RS < Py g Wyt Vg e TH. (10)

(d) Reserve capabilities: The primary and secondary reserves pro-
vided by generators are limited to maximum values. The
primary reserve limit is based on the frequency response of a
generator and the secondary reserve limit is based on its ramp-
ing capability [15,16],

pr tg < uy,[ngmax Vy,t Vg e TH, (11)
Rsy rg < Uy, thSgpmaX Vy,t Vg e TH, (12)
and

Rsy t"“’g“ < uy’t,gngownmax Vy,t Vg e TH. (13)

(e) Startup and shutdown: Variables are introduced to incorporate
startup costs and minimum up and down times,

Uy’t.g = Uy‘t,]’g +Sy,[,g — Dy’[’g Vy, t Vg e TH. (14)

(f) Ramp rates: Generators are limited on how fast they can adjust
their output power from one period to another,

Pytg—Pyi 14 <uyr1gRup, +Sy,t,gP§ Vy,t Vg e TH, (15)

and

Py g <uy i 1gRdng +Dy,f,ng‘aX Vy,t Vg e TH.
(16)

Py 16—
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(g) Minimum up and down times: Once a unit has been switched
on, it must run for a minimum time and once a unit has been
switched off, it must remain offline for a minimum time,

t

Weg= Y Syrg V.t Vg e TH, (17)
r=t—t§"

and

y t

ZIG,,g T Z Dy.g Vy.t Vg e TH, (18)

=1 r=t—t§f7

respectively.

(h) Units to be committed: For thermal generators, the maximum
number of units that can be committed is limited by the number
of generators that have been built!,

y
Uy g < ZIG,,g Vy,t Vg e TH. (19)
=1

(i) Renewable generator output: The power generated by renewable
generators is limited by the number of units installed and the
availability of the primary source in each period,

y
Pyrg < ZlGl’g pRaxpavail yy t Vg e VR. (20)
=1

(j) Planning reserve margin: A planning reserve margin has to be
considered for the system adequacy,

y
Pg””ZIGLg <(1+RM)LM™ vy. (21)
=1

The above problem considers that all variables are continuous and
equal to or larger than zero, except for IGy g, Uy g, Sytg, and Dy g,
which are integer. Note that the proposed model considers a sin-
gle busbar with no representation of transmission constraints, as
in [5,8,9], to evaluate a first application of the proposed decom-
position method on C-UC-CE problems. However, the proposed
approach can be expanded to address multiple busbars, with a cor-
responding increase in the problem size. Accordingly, when solving
these types of problems, trade-off between accuracy and complex-
ity must be considered to obtain coherent and practical results.

3. Proposed column generation solution approach

The combined unit commitment and capacity expansion plan-
ning problem presents significant challenges if fast solutions are
required for large input datasets. We propose Dantzig—-Wolfe
decomposition [17] to reduce computational burden and over-
come intractability, by exploiting the particular (block diagonal)
structure of the MILP problem formulated in Section 2. A similar
approach was developed in [13] to solve the expansion planning
problem for a distribution network. We selected Dantzig—-Wolfe
rather than Benders decomposition, because the latter does not
allow integration of integer variables in the slave subproblem, forc-
ing the consideration of both investment and unit commitment
decisions at the master problem level, and thereby leading to a
high dimensional integer master problem.

1 This constraint is redundant (see (4)) but it is presented again for better under-
standing.

3.1. Reformulation of combined unit commitment and capacity
expansion problem

In the optimization problem presented in Section 2, (18)-(21)
are complicating constraints of the problem that couple the time
stages by relating operation variables in year y with investment
decisionsinyears/=1,...,y. Hence, we introduce an extra variable,
IGJ’,’g, to facilitate application of the decomposition. IGJ’,“g represents
the available units to operate in year y for generator type g, and

must meet the constraint
Yy

IGyg =Y IGg V.8 (22)
=1

Thus, we can rewrite constraints (18)—(21) in terms of the available
units as

t

IGyg—tyeg= Y _ Dyrg V.t Vg e TH, (23)
r=t—rg°ff

Uyrg <IG,, Vy,t Vg e TH, (24)

Py g <IG, ;PP*PIYL Yy, t Vg e VR, (25)

and

PI™IG), , < (1+RM)LP™ Vy. (26)

The objective function and all other constraints remain the same
in the reformulated problem.

3.2. Dantzig-Wolfe decomposition

For the sake of simplicity, we rewrite the reformulated problems
in a matrix form, where matrices and vectors are highlighted in
bold,

Y y Y
min ZZc{anlcl + chf”xy (27a)
y=1 I=1 y=1
Yy
s.t.: IGQ,SZIGI vy (27b)
=1
AyXy <IG| Vy (27¢)
IGy < I vy (27d)
Xy € &y Vy (27e)
IGy,IGy € Z© vy (27f)

Set X, is the feasible region of operation decisions in year y. Con-
straint (27b) couples the time stages by relating available units in
year y with the investment decisions in years [=1, ..., y. If (27b)
were relaxed, the investment problem for each year could be solved
independently. Hence (27) has a diagonal block structure that can
be exploited through the Dantzig-Wolfe decomposition.

The feasible region of available units in year y can be defined by

Iy = {IG, e Z\°|3Xy € Xy, AyXy <IGy, IG, < I},

where 7, is abounded integer polyhedron since investment options
are limited. Therefore, any pointin Z, can be expressed as an integer
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j K@)
—j
combination of a finite number of integer points, {IG’y }j=1 ,inZy [18]

such that

K@) o KOy )
IGy=> MIGy, Y ¥ =1, ¥ 01
j=1 j=1

Additionally, for each feasible vector of available units in year

—j
v, IG’y, there exist at least one associated optimal operational plan,

o . |
X'y, with operational cost cngX’y.

We can substitute IGg, and Xy, in (27), to obtain the master prob-
lem of the Dantzig Wolfe decomposition,

Y vy Y K@) .
P : Zg? = min 33 "dmTiG + 373 M X,

(28a)
y=1I=1 y=1 j=1
K(y) o y
s.t.: WG, < ZIGI vy (28b)
j=1 I=1
K(y) )
ZM -1 vy (28¢)
j=1
Moe(0,1) vy.j (28d)
IGy € ZN¢ vy (28e)

Constraint (28b) guarantees that the investments are made
coherently with the selected vector of available units. Since IGy is
the vector of additional units installed in year y, once a unit has been
installed it remains available to operate for the following years.
Constraints (28c) and (28d) ensure that only one vector of avail-
able units, and consequently only one operational plan, is selected
for each year.

Since we cannot enumerate all feasible vectors of available units,
they must be produced during the solution procedure based on
a column generation (CG) approach [19]. CG solves first a linear
relaxation version of the master problem containing only an initial
feasible vector of available units for each year (the restricted mas-
ter problem, with objective function ZfMP). The value of the dual
variables is then extracted and used to generate the new column
by solving

sp(y) : min c§"Txy —IGymy — 1y (29a)
s.t.: Xy € AVy (29b)
IG, e z¢ vy (29¢)

for each year, y [19], the new column is added to the restricted
master problem and the CG process is repeated until LPgap is below
a given threshold,

Y
Zg7 - (237 + 3} _isp0)
(2 + 32 1sp)

Since a linear version of the master problem is solved, fractional
values can be obtained for integer variables. Hence after the linear
master problem has converged, we force integrality in the master
problem, and check MIPgap,

ZRvP (szI)WP n Z;(:]sp(y)>

(2 + 32y 15p0)

LPgap = (30)

MIPgap = , (31)

If this gap is below a given threshold, the solution is accepted,
otherwise a branch and price procedure is used.

3.3. Detailed solution algorithm and implementation

Fig. 1 shows the flowchart of the complete solution procedure.

e Step 1: Input data detailing existing units, investment options,
hourly load of the base year, load growth rate, fuel prices, invest-
ment costs, and renewable generation data.

e Step 2: Determine an initial solution of yearly generation capacity
mix using the screening curve method [6]. Determine the cor-
responding operational cost by running a unit commitment that
satisfies constraints (5)-(21). This process provides feasible initial
columns in a fast and efficient fashion, benefiting from traditional
energy based capacity expansion models.

e Step 3: Construct the restricted master problem (28) and solve
its LP relaxation. Extract the dual prices.

¢ Step 4: Construct the subproblem (29) for each year y using the
dual prices obtained in step 3, and solve them to obtain a feasible
vector of available units and operational costs. Parallel computing
can be used for this step, since each subproblem requires only
information from the master problem and there is no coupling
amongst them.

Step 5: If LP gap (30) is less than the threshold value, go to step 6.

Else, add the generated columns to the restricted master problem

(28) and go to step 3.

Step 6: Solve the integer restricted master problem (28).

e Step 7: Check the MIP gap (31), if this is less than the required
threshold, the solution has been found. Else, add the generated
columns to the restricted master problem (28) and go to step 3.

We implemented an interior point stabilization scheme, as pro-
posed by Rousseau et al. [20], to improve convergence of the CG
approach.

4. Results and discussion

We compared outcomes from several small scale case studies
for a C-UC-CE problem with and without the proposed decom-
position approach. To demonstrate the significantly enhanced
computational performance of the proposed model, we determined
expansion of the generation mix of a realistic power system in
Chile (the northerninterconnected system) for 2012-2030. We also
demonstrate the importance of considering short term constraints
in long term generation planning. Models with and without the
decomposition approach were implemented on the Levque Cluster
at the University of Chile, composed of 66 nodes, each equipped
with two 2.67 GHz quad-core Intel Xenon X5550 processors and
24 GB RAM. Both models were implemented in Java and solved
using CPLEX 12.5. The master problem was solved using a barrier
algorithm with disabled presolve and reductions. An optimality gap
of 0.5% was requested.

4.1. Typical weeks

To limit the C-UC-CE problem size, and allow comparison with
the proposed decomposition approach, the year was represented
by a reduced number of typical weeks. This allows consideration of
hourly and seasonal variations in demand and wind profiles while
limiting the solution time [8].

Arepresentative week was characterized by hourly system load
and wind availability. The year was represented by 13 typical
weeks, one for each month plus the week where the highest load
was observed. For each month, hourly wind and load profiles were
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Step 1: Input data

Load data and
growth estimation

Existing units and
investment options

Renewable sources
generation data

Fuel prices and
investment costs

Step 2: Initial point construction (Screening Curves) I

Step 3: Solve LP relaxation of Restricted Master Problem ‘4—

Step 4: Subproblems

Solve subproblem
year 1

Solve subproblem
year n

Add new columns

Step 5:
LPgap < 0.5%

Add new columns

|
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(b) Representative wind profiles

Fig. 2. Representative weekly profiles.

processed using K-Medoids clustering to obtain a representative
profile [21]. Fig. 2(a) and (b) shows the representative load and
wind profiles, respectively.

We assumed that each representative week was repeated
sequentially until completing a month. Thus, for each unit, the com-
mitment state at the initial hour and last hour of the representative

week must be equal [8]. No linkage was considered among differ-
ent months. In the objective function, the operating cost for each
selected week was weighted to reflect the yearly operating cost.
This formulation could be extended to consider seasonal uncer-
tainties following the methodology proposed in [12], where several
wind profiles were generated for each seasonal or monthly load
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Table 1

Generation investment options.
Generator Coal OCGT Diesel Fuel oil Wind
Units 300 100 50 50 10
Max. output [MW] 150 160 200 200 100
Min. output [MW] 100 90 0 0 0

profile. Future research will be directed conducted to solve a
stochastic formulation of this problem.

4.2. Small scale case studies

4.2.1. Input data and assumptions

We considered various planning horizons, from 1 to 31 years
(2012-2042), to test the performance of (1)-(21) solved using the
proposed decomposition approach compared with the same for-
mulation solved through a commercial MIP-solver (CPLEX). Five
technologies were considered to be available for expansion (in a
greenfield investment mode): coal, open cycle gas turbines (OCGT),
diesel, fuel oil, and wind, as shown in Table 1.

Although case studies are meant to be illustrative, we used
real 2011 hourly load profiles of the Chilean system, with a peak
demand scaled to 5000 MW, a yearly energy of 35.04 TWh, yearly
growth rate of 5%, and network losses of 3.5% of demand. We also
used real data with 40% capacity factor to represent wind avail-
ability through an aggregated hourly wind profile. The 3+5 rule
[22] was used for secondary reserve. The investment costs for the
different technologies were obtained from the technical study of
the Chilean Ministry of Energy [23]. The average fuel prices in year
2012 where obtained from the Chilean Northern System Operator
[24] and the price projection is based on the growth rate used in
[23].

4.2.2. Multiple time horizons

We ran 31 case studies with increasing time horizons for
both problems: (i) the proposed CG approach, and (ii) with-
out decomposition (i.e., original formulation). Fig. 3(a) shows
the objective function values (over multiple modelled planning
horizons) and demonstrates the accuracy of the proposed CG
approach.

The proposed CG approach becomes significantly faster than the
original formulation with increasing planning horizon, as shown
in Fig. 3(b). The proposed approach is more than 4 times faster
for cases with planning horizon of 31 years. Memory usage is also
significantly improved, with the CG approach using a maximum
of 1.6GB of RAM, whereas the problem without decomposition
requires ~7.7 GB. For the case of 31 years, the original formu-
lation has 1760.5 x 103 variables and 1691.6 x 103 constraints,
while the subproblems have 56.8 x 103 variables and 54.6 x 103
constraints. It can be seen that each subproblem is considerably
smaller and hence the proposed decomposition is critical to tackle
larger scale expansion problems with several years in the planning
horizon.

For all validations, there was no need to perform a branching
procedure when employing the CG approach, because integer solu-
tions were obtained within the desired optimality gap.

4.3. Large-scale case study: the Chilean (northern) system

4.3.1. Input data and assumptions

We used the Chilean northern interconnected system to test the
performance of our long term planning approach. This case presents
47 existing units, clustered in 28 groups. Ten types of generating
units were considered for future expansion, as shownin Table 2. We

Total System Cost

-104
5
g
=) 4
[=}
S
2 3
2
3
Tg 2
H
1
0

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31
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(a) Comparison of the objective function value of
both methodologies for validation cases.
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(b) Comparison of the solution time of both method-
ologies for validation cases.

Fig. 3. Computational results.

used the real 2011 hourly load profile of the Chilean system, with
yearly energy of 16.21 TWh, peak demand of 2161.8 MW [24], an
average growth rate of 5.9% and network losses of 3.5% of demand.
We also used real data to represent 3 types of wind units through
aggregated availability hourly profiles with capacity factors of 37%,
36%, and 46%. Solar plants were represented through a single
availability hourly profile with a capacity factor of 30%, obtained
from [25]. The 3+5 rule [22] was used for secondary reserve.
The year was represented by 13 typical weeks (one for each
month plus one for the week with the peak load). The invest-
ment costs for the different technologies were obtained from the
technical study of the Chilean Ministry of Energy [23]. The aver-
age fuel prices in year 2012 where obtained from the Chilean
Northern System Operator [24] and the price projection is based
on the growth rate used in [23]. An optimality gap of 0.5% is
used.
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Table 2
Generation investment options large-scale case.
Generator name Coal 1 Coal 2 OCGT 1 OCGT 2 Diesel Fuel oil Wind 1 Wind 2 Wind 3 Solar
Units 10 30 10 10 10 10 3 100 100 100
Max. output [MW] 250 150 226 150 30 50 100 100 100 100
Min. output [MW] 150 100 160 75 0 0 0 0 0 0
Table 3
Generation investment options: large scale case.
N typical weeks CG approach Original formulation
Total time Time MP N iterations RAM usage Total time RAM usage
1 2.08h 0.76 seg 19 630 MB 3.01h 10GB
2 9.26h 0.83 seg 22 1GB 30.37h 21GB
5 50.86h 0.85seg 23 4GB - Out of memory
13 15days 1.04 seg 25 9GB - Out of memory

4.3.2. Large scale model performance

The CG algorithm took 15 days to achieve a solution with an opti-
mality gap of 0.49%. The total investment plus operational cost of 104 Installed Capacity Traditional Expansion Planning
the system was 14,800 million USD. In contrast, attempting to solve 1.4
the original formulation without decomposition failed as CPLEX
could not find a solution due to limited RAM. The original for-
mulation has 8921.8 x 103 variables and 7584.1 x 103 constraints,
while the subproblems have 469.6 x 103 variables and 399.1 x 103
constraints.

We performed additional study cases with reduced number of
typical weeks to compare the CG based model against an achieved
solution using the original formulation, as shown in Table 3. Even
for a small number of typical weeks, our proposed approach signif-
icantly reduces solution time and memory usage, and the benefits
are more significant as the number of typical weeks, and thus size
of the problem, increase.

For our proposed approach, the time used solving each master
problem is negligible and practically all the solution time is is spent
in solving the subproblems. Each subproblem was solved sequen-
tially. However these could be solved in parallel on each iteration,
which could lead to significant improvements on the solution time.

Table 3 shows the trade-off between the number of typical (a) Generation mix for period 2012 - 2030 obtained
weeks and solution time for the proposed methodology. Modelling by traditional capacity expansion planning model
the operation with an increased number of weeks could result in
unreasonably high solution times, highlighting the importance of
a good representation with a reduced number of scenarios [26]. 10 Installed Capacity Column Generation Approach

We attempted to solve the case of 13 typical weeks without 1.4
decompositioninasuper computer with 2 TB RAM. A solution could
not be found after 30 days runtime.

For large scale cases, there were no need to perform a branch-
ing procedure during the CG approach since integer solutions were
obtained within the desired optimality gap.

Installed Capacity [MW]

9012 2014 2016 2018 2020 2022 2024 2026 2028 2030

Year

‘ mm Coal g2 Fuel oil g8 Diesel Gas Wind [mmm Solar ‘

1.2

0.8

Installed Capacity [MW]

0.6
4.3.3. Relevance of short term constraints in long term capacity
planning 4 KR
Fig. 4 shows the optimal generation mix for planning methods:
(a) without short term constraints (i.e., without (6)-(18), and linear 0.2

unit commitment state); and (b) with short term constraints, where
the most notable difference is the amount of wind installed capac-
ity. Consideration of short term constraints drive more investment
in diesel and solar plants. Several experiments were undertaken
with different demand profiles and generation parameters (ramp
rates, minimum up and down times, etc.), which showed that diesel (b) Generation mix for period 2012 - 2030 obtained
plants should be installed to increase system flexibility and facil- from C-UC-CE model

itate connection of further renewables, while solar plants were

installed to reduce the daily peak demand. Fig. 4. Resulting generation mix for both methodologies.
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Year
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(a) Estimated operation of the generation mix ob-
tained from traditional planning method
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(b) Real operation of the generation mix obtained
from traditional planning method
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(c) Real operation of the generation mix obtained
from C-UC-CE model

Fig. 5. One week operation for both methodologies.

Fig. 5 shows the system operation within a week in 2042 asso-
ciated with investment decisions as illustrated in Fig. 4. Fig. 5(a)
shows the solution obtained by the model without short term
constraints, where penetration of renewables is ~46%, and large
fluctuations are absorbed by bulk variations of coal plants, which
is clearly not feasible. When a proper unit-commitment model
is run to obtain real operation of the generation infrastructure
shown in Fig. 5(b), large volumes of wind would need to be cur-
tailed to meet minimum output, ramping, and reserve constraints
while maintaining an economically efficient operation, as shown in
Fig. 5(b). Fig. 5(c) shows the solution obtained from the proposed C-
UC-CE model, which includes unit commitment constraints in the
expansion problem. Hence the proposed model optimally balances

a portfolio of renewable and conventional generation technolo-
gies, considering the opportunity cost of wind curtailments and the
alternative cost associated with the necessary measures to provide
flexibility. Overall, Fig. 5 demonstrates the need for combined unit
commitment and capacity expansion problem models that consider
advanced algorithms to solve problems with large datasets.

5. Conclusions

This paper develops a multi stage C-UC-CE model which was
solved through a novel application of Dantzig—-Wolfe decom-
position and column generation. The methodology overcomes
intractability and significantly reduces computation times.

We analyzed the benefits of our proposed technique through
multiple case studies and demonstrated that C-UC-CE problems
can be solved in reduced timescales and with efficient RAM usage.
Smaller test cases showed up to 4 times increased speed, and
approximately one fifth memory usage compared to the original
formulation solved by CPLEX MIP. For more realistic case stud-
ies based on the Chilean Northern Interconnected System with a
planning horizon of 19 years, the proposed CG approach solved the
problem significantly faster in every instance with reduced mem-
ory usage. In contrast, the MIP solver experienced out of memory
errors for the largest datasets. Thus, our proposed methodology is
more efficient in solving large scale generation expansion planning
problems.

In this paper, the pricing subproblems were solved sequen-
tially. However, they could be solved using parallel computing,
obtaining further reductions in solution time. The use of paral-
lel processing will be an avenue of future research. We showed
the importance of planning generation capacity through a C-UC-CE
model, demonstrating the impact of high penetration of variable
renewable energy on short term operation flexibility and invest-
ment. Neglecting short term constraints in planning timescales can
produce extra costs of ~7% for the case of the Chilean electric-
ity system between years 2012-2030, since renewables will not
be planned together with the necessary generating plants that can
deliver flexibility.

Future work includes extending the proposed approach to
stochastic generation expansion planning problems, and including
hydroelectric power plants and other storage technologies.
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