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Joint Distribution Network and Renewable Energy
Expansion Planning considering Demand Response
and Energy Storage—Part I: Stochastic Programming

Model

Miguel Asensio, Pilar Meneses de Quevedo, Gregorio Muiioz-Delgado, Student Member, IEEE, and
Javier Contreras, Fellow, |IEEE

Abstract—The first part of this two-paper series describes the
incorporation of Demand Response (DR) and Energy Storage
Systems (ESS) in the joint distribution and generation expansion
planning for isolated systems. The role of DR and ESS has
recently attracted an increasing interest in power systems.
However, previous models have not been completely adapted in
order to treat DR and ESS on an equal footing. The model
presented includes DR and ESS in the planning of insular
distribution systems. Hence, this paper presents a novel model to
decide the joint expansion planning of Distributed Generation
(DG) and the distribution network considering the impact of ESS
and price-dependent DR programs. The problem is formulated
as a stochastic-programming-based model driven by the
maximization of the net social benefit. The associated
deterministic equivalent is formulated as a mixed-integer linear
program suitable for commercially available software. The
outcomes of the model are the location and size of new generation
and storage units and the distribution assets to be installed,
reinforced or replaced.

In the second companion paper, an insular case study (La
Graciosa, Canary Islands, Spain) is provided illustrating the
effects of DR and ESS on social welfare.

Index Terms—DR, Renewable Energy Sources (RES)
expansion planning, distribution network expansion planning,
ESS, distribution systems.

NOMENCLATURE

A. Indices and Sets

b Index for substation load levels

B Set of substation load levels for the calculation
of the substation price

i,j Indexes for nodes
Index for alternatives for feeders, and
transformers

K! Set of available alternatives for feeders
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Set of available alternatives for transformers
Index for feeder types

Set of feeder types, L = {EFF, ERF,NRF,NAF}
where EFF, ERF, NRF and NAF denote existing
fixed feeders, existing replaceable feeders, new
replacement feeders, and newly added feeders
Index for load levels, split in quarter (q),
working day/weekend (r), day/night (n) and load
block (b)

Set of load levels split in quarter (Q), working
day/weekend (R), day/night (N) and load block
(®

Index for generator types

Set of generator types, P = {W, ©} where

W and © denote wind and photovoltaic
generators, respectively

Index for time stages

Set of time stages

Index for transformer types

Set of transformer types, TR = {ET, NT} where
ET and NT denote existing transformers and
newly added transformers, respectively.

Index for scenarios

Set of scenarios, W = {WW, PW, DW} where
WW, PW and DW denote wind, photovoltaic and
demand scenarios

Set of branches with feeders of type |

Sets of nodes connected to node i by a feeder |,
load nodes, system nodes, candidate nodes for
DG, substation and candidate nodes for storage

B. Parameters

LSS
Ci

Investment cost of expanding existing
substations by adding a new transformer or
building a new substation

Costs for substation load level b

Investment cost of alternative k of feeder [ in
branch i-j

O&M cost of alternative k of feeder [ in
branch i-j

O&M cost of storage st at node i

Investment cost of adding alternative k of a new
transformer in substation node i

Investment cost of generator p at node i
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CiI ST Investment cost of a storage unit at node i
CiM P O&M cost of alternative k of generator p at
node i
Clyk'" O&M cost of alternative k of transformer tr
installed in substation node i
cE» Generation costs of generator type p
m Average substation cost at stage t for load level
Il in scenario W considering adjacent blocks
¢STprod  Production cost of storage unit
¢STstore  Storage cost of storage unit
D; tuw Expected demand at node i at stage t for load
level Il in scenario W
Di; Fictitious nodal demand in substation node i at
stage t
Fif ik Maximum capacity in branch i-j for alternative k
G Upper limit for energy supplied by alternative k
of transformer type tr in substation node i
GP Maximum capacity of generator type p
GAi‘t’”‘W Maximum power availability of generator p
I Annual investment rate
IB; Investment limit at stage t
lij Feeder length
L,™ Lower limit of substation load level b
L™ Upper limit of substation load level b
npg, Ny Number of candidate nodes for distributed
generation and number of stages
pf System power factor
RR!, RRNT Capital recovery rates for investment in feeders,
RRP,RRSS new transformers, generators, substations and
RRST storage units
GST Minimum capacity of storage
EST Maximum capacity of storage
Z ll ik Unitary impedance magnitude of feeders
S Own- and cross-price elasticities for DR
Ty w Weight of scenario w
Ay, Ay Duration in hours of each load level Il
; Tprod  production efficiency rates for storage unit
FTstore  Storage efficiency rates for storage unit
€ Penetration limit for distributed generation
vt yNT Lifetimes of feeders, new transformers,
VP v5S, generators, substation assets other than
yST transformers, and storage
Kl Average demand factor at load level Il and
scenario W
Kt Vector of maximum levels of wind and
photovoltaic power generation at load level Il
and scenario W
C. Variables
cf Investment cost at stage ¢
cE Energy cost at stage ¢
cé” Maintenance cost at stage t
c!? Unserved energy cost at stage ¢
csT Energy cost for storage units at stage t
chw Substation price at stage t for load level Il and
scenario w
dieuw Demand at node i at stage t for load level Il and
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scenario W when considering DR

Unserved energy at nodei at stage t for load
level Il at scenario W

Auxiliary binary variable associated with
positive DR at node i at stage t, load level Il and
scenario W

Auxiliary binary variable associated with
negative DR at node i at stage t, load level Il and
scenario W

Current flow through alternative k feeder type [
installed in branch i-j at stage t, load level Il and
scenario W, measured at node i, which is greater
than 0 if node i is the supplier and 0, otherwise
Fictitious current flow through alternative k of
feeder ! installed in branchi-j at stage t
measured at node i. Greater than 0 if node i is
the supplier and 0, otherwise

Energy supplied by generator p in node i at stage
t for load level Il in scenario W

Energy supplied by alternative k of transformer
tr installed in substation nodei at stage t for
load level Ul in scenario W

Power production for a storage unit at node i,
stage t for load level Il in scenario w

Power stored for a storage unit at node i, stage t
for load level Ul in scenario W

Energy supplied by a fictitious substation at
node i at stage t

Demand payment at stage t for load level Il in
scenario W

Binary variable for the installation of alternative
k of new transformers in substation node i at
stage t

Binary variable for the installation of generator
type p at nodes i at stage t

Binary variable for the expansion of existing
substations by adding a new transformer in
substation node i at stage t

Binary variable associated with the installation
of storage unit st installed at nodes i at stage ¢
Storage level at bus i at stage t at load level Il
and scenario W

Binary utilization variables for feeders,
generators, transformers and storage units

Binary variable associated with substation price
at stage t for substation load level b, load level Il
and scenario W

Binary variable associated with DR at stage t for
load level Il and scenario w

Variable associated with substation demand at
stage t for substation load level b load level Il
and scenario W

Variable associated with substation demand at
stage t for substation load level b at load level Il
and scenario W

Variable associated with demand payment
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linearization at stage t for substation load level b
at load level Il and scenario w

STprod  Variables related to production at node i, stage t,
it llw . .
for load level Ul in scenario W
L.StT'lslt‘:’/Te Variables related to storage at node i, stage t, for
o load level Il in scenario W
Vieiw Voltage at nodei, stage t, load level Il in

scenario W

1. INTRODUCTION

Planning models have been used for many years to
optimize generation investments in electric power systems.
However, these models have not been completely adapted in
order to treat price-dependent resources, such as DR or ESS,
on an equal footing. The main advantage of ESS is the release
of additional capacity to the grid when it is valuable, which
might be critical in small or islanded systems. ESS represent
the critical link between the energy supply and demand chains,
standing as a key element for the increasing grid integration of
renewable energies. ESS may contribute to increase the
integration of the power generated by RES and also to reduce
generation costs and improve the quality of power supply.

The present document stresses the importance of
integrating DR to time-varying prices in those investment
models. What is often underappreciated about real-time
pricing mechanisms is that the impacts of these programs can
be very consistent and predictable due to the fact that they are
based on the collective response of a large number of
participants. In medium- and long-term power system models,
it is common practice the use load levels to represent the
demand curve. The advantage of the traditional approach lies
in the fact that the computational burden is much lower,
making the problem tractable. However, the main
disadvantage of the considered representation is that, by doing
so, information of the sequentiality of individual hours is lost.
Furthermore, in power systems with high renewable
penetration, the considered modelling procedure to incorporate
uncertainty in wind and solar irradiation may not be
sufficiently accurate, creating significant distortions in the
model’s results. Alternative approaches have been applied in
literature, such as the net demand approach. This procedure
does not eliminate the problem, since hours with high demand
and high renewable generation and hours with low demand
and low renewable penetration would fit the same net demand
block. One key issue related to investment decisions for
electric power systems with a high penetration of stochastic
generation resources and price-dependent resources is the
modelling of variability and uncertainty that influence the
results of the investment problem. The integration of price-
dependent resources, such as DR and ESS, calls for a review
in the proposed methodology increasing the number of load
blocks. A detailed representation of demand, wind and
irradiation curves is required to allocate the effects of DR.

II. LITERATURE REVIEW AND CONTRIBUTIONS

A great variety of models has been proposed in literature
for distribution and generation system planning. In [1],
distribution network expansion through mixed-integer linear

programming is addressed. In [2], they solve the same
problem through mixed-integer quadratic programming. In
[3], distribution network expansion planning is analyzed by a
multistage model formulated through mixed-integer nonlinear
programming. In [4], a heuristic method is proposed for
investment planning in conventional distributed generation
considering two different approaches, electricity market and
bilateral contracts. In [5], a distribution system planning
model is proposed wusing a mixed-integer nonlinear
programming approach. In [6], the problem presented in [4] is
solved through ant colony optimization. In [7] and [8], a
multistage distribution network planning problem is proposed.
In [9], a probabilistic approach to distribution system planning
is shown. In [10], the distribution network expansion problem
is analyzed through a heuristic algorithm. In [11], a multi-
objective model, which takes into account investment and
operating costs of candidate generators, the cost of the
purchased energy and the cost of emissions is presented. The
problem uses the particle swarm optimization method. In [12],
a distribution system planning model immersed in an
electricity market is proposed. Reference [13] shows the
planning problem of primary distribution networks formulated
as a multi-objective mixed-integer nonlinear problem
considering the system’s reliability costs in the contingency
events. In [14], radiality constraints in distribution systems
with DG are analyzed and a planning problem is solved. In
[15] the work of [5] is extended through the implementation of
a dynamic planning model considering growing demand and
load levels. In [16], a multi-objective optimization model is
presented for distribution system planning considering
different types of DG. In [17], the multistage expansion
planning problem of a distribution system where investments
in the distribution network and in distributed generation are
jointly considered is presented. In [18], an analytical
framework to incorporate DR in long-term resource planning
is presented. This paper defines a set of approaches that
regulators and key industry stakeholders should consider when
evaluating DR in future resource plans. In [19], the effects of
integrating short-term DR into long-term generation
investment planning are investigated. An hourly model is
proposed, stressing the importance of integrating short-term
DR to time-varying prices into long term investment models.
Authors in [19] incorporate DR in a 4-week economic
dispatch approach and extrapolate the results to one year. In
[20], a network investment planning model for a high
penetration of wind energy under a DR program is presented.
In [21], the effects of DR on generation expansion planning in
restructured power systems are modeled. [22] provides an
alternative approach to model load levels in electric power
systems with high renewable penetration. The approach
introduces the concept of system states as opposed to load
levels, allowing for a better incorporation of chronological
information in power system models. Authors in [23], [25] and
[26] provide a solution for the multistage expansion planning
problem considering renewable generation and correlation.
Authors in [24] enhance the previous approach including
topological changes.
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TABLEI
COMPARISON OF MULTISTAGE CO-OPTIMIZED EXPANSION PLANNING MODELS CONSIDERING DEMAND RESPONSE AND STORAGE

Topological ~ Renewable . Demand Energy NSB
Approach . Correlation D
changes generation Response Storage Maximization
[1]- [6] X v X X x x
[71- [13], [15]-[17] 4 v X X X X
[19] v v v v X X
[20] v v X v X X
[21] X v X v X X
[23],[25], [26] X v v X X X
[24] v v v X X X
Proposed approach v v v v v v

A symmetric treatment of load and generation creates the
strongest possible incentive for final consumers to actively
participate in the wholesale electricity market. The considered
approach translates this argument to medium- and long-term
distribution and generation expansion planning procedures.
Additionally, the proposed approach creates incentive for
investment in storage technologies, whose value for a central
planner is the ability to turn low-priced electricity into high-
price electricity.

Several references have been proposed in the literature
targeting the aforementioned problems. However, in our
opinion, none of the existing works sufficiently stresses the
relevance of demand response and energy storage. Table I
summarizes all these references whose formulation has been
stated as MILP.

According to the presented state of the art, the following
contributions can be listed:

e A novel model is proposed to accurately include DR and
ESS in the joint distribution network and generation
expansion planning. The approaches presented in [18] —
[21] partially integrate DR in resource planning, however,
to our knowledge, the effect of DR in both distribution
network and generation expansion planning has not yet
been considered. Additionally, the impact of ESS on both
resource plans and its combination with DR has not yet
been investigated. Timing, location, and sizing of storage
units, DG units and distribution assets are modeled. The
model proposes social welfare maximization to adequately
incorporate price-dependent resources.

e The present model stresses the importance of integrating
DR to time-varying prices (real-time prices) into those
investment models. Own-price and cross-price elasticities
are included in order to incorporate consumers’
willingness to adjust the demand profile in response to
price changes. In contrast to [18] — [21], a novel approach
to model load levels in electric power systems with high
wind and PV penetration has been considered.

e Threats experienced by isolated systems as a consequence
of increasing DG penetration are even higher than those
experienced by interconnected systems since they cannot
depend on the smoothing effect of a large balancing area.
The novelty of the proposed approach is to stress the
relevance of time-dependent resources in isolated systems.

e A scenario-based stochastic programming framework is
proposed to model the correlated uncertainty
characterizing demand and renewable-based power
generation. The associated deterministic equivalent is

formulated as a mixed-integer linear program suitable for
commercially available software.

e A set of metrics to account for the effect of DR and ESS in
the welfare for all relevant stakeholders are included.

The rest of this paper is organized as follows. Section IV
describes the proposed formulation, including DR, ESS,
substation price calculation and demand payment. Finally,
some relevant conclusions are drawn in Section V. An
Appendix is included describing the model linearization.

III. UNCERTAINTY MODELING

The increasing penetration of stochastic resources in
electrical networks calls for a review on uncertainty modelling.
In medium- and long-term power system models, it is generally
accepted to approximate the demand curve by load levels.
However, in power systems with high renewable penetration,
the traditional modelling procedure may not be sufficiently
accurate, creating significant distortions in the model results.
Additionally, the integration of price-dependent resources, such
as DR or ESS, calls for a review in the proposed methodology
increasing the number of load blocks.

In order to adequately accommodate the increasing amount
of renewable generation in the proposed expansion model, a
novel approach to model load levels with high wind and PV
penetration has been considered dividing the traditional load
duration curve in a tractable amount of blocks (48). The
considered criteria to split the load, wind and solar irradiation
curves are: quarter, working/non-working day and day/night.
While quarter and working/non-working day criteria are fixed
criteria, day/night criterion has been considered based on solar
irradiation. Therefore, an hour where solar irradiation is higher
than zero is considered as day in the model, while an hour
without solar irradiation is assigned to the corresponding night
period. Doing so, the best possible integration of PV
technologies within the burdens of the proposed methodology
is guaranteed. Historical data of wind and PV power capacity
factors (or wind speed and solar irradiation) are used
throughout the same period considered for the demand. For all
the hours allocated to each demand block, we consider the
corresponding wind and photovoltaic power capacity factors.
Using the obtained data, wind and PV duration curves for each
block are built, arranging the data from higher to lower values
in order to be jointly represented with the demand. An
example with the discretization of demand, wind speed and
irradiation for a particular load curve is depicted in Fig. 1.
With the aim of reducing the loss of information on the
sequence of individual hours when composing the load
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duration curve, wind and irradiation curves have been split
into 16 different load curves, based on quarters (q), working-
day/weekend (r) and day/night criteria (n), containing each
curve three blocks (b) for a total of 48 blocks. The
uncertainties in the demand, wind speed, and solar irradiation
within each demand block are represented by considering
different demand factor levels. To do so, we build the
cumulative distribution function (cdf) of the demand, wind
and PV factors within each demand block. Then, this cdf is
divided into a selected number of segments (three in the
proposed paper), each one with an associated probability. In
order to simplify the formulation of the problem, each stage is
considered to be defined by 3 years. This procedure is
repeated for each considered period, given a total number of
27 operating conditions for each of the 48 considered blocks
(16 load curves x 3 blocks). The weight of each of these
blocks is computed as the number of hours times the
probability of each operating condition within the demand
block. The annual pattern is repeated for every block
considered in the formulation, being therefore the probability
of each scenario in every stage constant. The approach
proposed in the present formulation enhances [23] and [24] in
order to adequately integrate time-dependent resources in the

expansion planning.
blocks, b
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Fig. 1. Load, wind, and irradiation curves.

The modelling of uncertainty in a distribution system for
each single load block is based on the load, wind and solar
irradiation curves. Hourly historical demand data is arranged

from higher to lower values keeping the correlation between
the different hourly data of wind and PV productions. The
load duration curve is approximated using demand blocks. In
order to accurately include peak demand in the model, the
length of the demand blocks varies along the load duration
curve. For each demand block, wind and PV productions are
arranged from higher to lower values in order to be jointly
represented with demand. For each demand block, all
combinations of demand, wind power factor and PV power
factor levels are considered. Each combination is assigned a
probability within the demand block equal to the probability of
the demand factor level times the probability of the wind
power factor and the PV power factor levels. For the present
paper, 48 demand blocks, 3 factor levels for demand, 3 factor
levels for wind power and 3 levels for PV power have been
considered.

For each load level ll, each scenario W comprises an average
demand factor ufj,, a maximum level of wind power
generation ,unfw, and a maximum level of PV power
generation ,uﬁ’w, Nodal demands in each scenario are equal to
the product of the forecasted values and the demand factor
I44),,) throughout the planning horizon. Moreover, for each
scenario W, based on the information provided by the
manufacturer, average factors u}'}fw and ,uﬁ,W are converted to
maximum levels of wind and photovoltaic power generation,
éi‘f‘{,u,wand GAft‘”,W, respectively. This assumption is deemed
adequate considered the size and orography of the island. For
the sake of simplicity, we consider that pj},, and ,uﬂ_w are
identical for all candidate nodes and all considered time
stages. It is worth mentioning that the methodology proposed
in this paper is related to a central planning context, where
distribution assets are both owned and operated by
Distribution Companies (DISCOs). Therefore, ESS are
managed to increase the economic benefit of the generation
and distribution company. On the contrary, DR reflects the
behaviour of consumers, aimed at reducing the total payment
over the considered time horizon. The impact of both
technologies will be analyzed in the proposed case study,
outlining the ablove-mentioneld effect.

Demand Irradiation

Wind speed

Fig. 2. Considered scenario tree for demand, wind speed and irradiation.

Energy shifting linked to DR and ESS has been considered
in the proposed formulation to be limited to blocks within the
same quarter and weekend/working day load duration curve.
DR has been introduced in the model considering elastic
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demand functions calibrated by load levels. The values
considered for the elasticity of demand are positively defined
only for the n and b levels, being 0 in other cases. In the same
way, the transition function for the storage system has been
formulated to be accomplished at the n,b levels. Fig. 3
represents a possible interaction at the n, b levels considered
for DR and the transition function of the ESS. In this
particular situation, energy consumption is shifted from higher
to lower prices, represented by blue and red bars, respectively.
For each quarter (q) and working day/weekend (r), the energy
can be exchanged between: blocks of the same day; blocks of
the same night; blocks from day to night; blocks from night to
day.

== WINTER/WEEKEND/DAY

0 100 200 300 400 500 600 700 800 900 1000

== WINTER/WEEKEND/NIGHT

0 100 200 300 400 500 600
Time (h)

Fig. 3. ESS and DR effect on a particular load duration curve.

IV. PROBLEM FORMULATION

The problem is formulated as a stochastic-programming-
based model driven by the maximization of the net social
benefit. The associated scenario-based deterministic
equivalent is formulated as a mixed-integer linear program for
which finite convergence to optimality is guaranteed and
efficient off-the-shelf software is available. Based on [25], the
stochastic programming model can be mathematically
formulated as a scenario-based deterministic equivalent, as
described next. The probability tree represents the dynamics of
the random parameters and the non anticipativity of the
decisions. The probability tree associated to every single
considered variable (wind speed, irradiation and demand) is
represented by Fig 2. In this model, a scenario-based
stochastic programming framework is used to minimize the
present value of the expected investment and operational costs
under the correlated uncertainty of renewable-based
generation and demand.

The proposed formulation is based on the work in [17].
However, when DR is integrated in the expansion planning
model, the minimization of costs partially disregard the
benefits consumers receive from the modification of their
electricity consumption [24]. The objective function (1) has
been modified to maximize the net social welfare or benefit
(NSB) of the system and represents the present value of the
total payment of the consumers minus the present value of the

total cost, which consists of five terms: (2) investment, (3)
maintenance, (4) production, (5) unserved energy and (6)
storage.

A. Objective Function
NSB = max{ i ((1 +D~ED 4

(1+1) (n— 1)) a+n~t-n

[T[llwptllw] - Zt— Ct —
Y. [(1+1) ED(eM 4 ¢+ 5T+ )] - (1

(np-1)
—(HI) ! ( +ch el + e, )}

where:
= Yie(NRF, NAF}RRl ZkEKlZ(i,j)EYl CU it xL] ke T
RRSS ¥icqss €55 x5s +
RR"T ¥ yeexnr Zzenss Cin xlite + @
Sper RR Lieqn €/ pf GV, +

RR Bicar € f G XL 5 vteT

_ Ml 1 1
! _ZleLZkeKlZ(ij)eYlCijk(yijkt+yjikt) +

M, M, 3
ZtreTR ZkEK” ZI.EQSS C trygc ¢+ ZpeP Zleﬂp C p)’,pt ®)
ZpEP ZieQST CM STYL ¢, VLE T
k=

ss
Ywen Tuwbf Zuerr Du (ZtrETR Ykektr LicqSS Ct,u,wgﬂlt‘” “4)
Yper Licar PFCEP Gl 1, )i VE ET

cf = Yuwen TuwPf Tuew Tieqin buC’dy,; VEET )
ST =

STprod
Yoen Tiw Pf Tuews My (Ticast CST'pmdgi,t,ll;,\r; + ()

CST store fz”lit‘zm) VEET
where:
1 1(1+1)"l .
RR' = m,Vl € {NRF,NAF},
RRNT — 1(1+1)"NT
a+nvNT-1’
1a+n""
P — .
RR? = (1+1)np_1,Vp € P;
SS
ss _ 1a+DY . and
RR* = a+nvss-1"’
RRSt = 1a+0v""
a+nvST -1

Note that capital recovery rates for investment in feeders,
new transformers, generators, substations and storage units are
dependent on each lifecycle._It is worth mentioning that for
each time stage, a single binary variable per feeder in branch i-
j is used to model the corresponding investment decision,
namely xf’ ikt In contrast, two binary variables, yil_j,k_t and
y}’i_k’t, are associated with each feeder in order to model its
utilization in both directions.
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B. Generation, Network and Investment Constraints

Constraints (7) represent the nodal current balance
equations, i.e., Kirchhoff’s current law.

1 1
ZleL ZkEKl Z,-Egg(fi,j,k,t,u,w - fj,i,k,t,ll,w)

— tr P ST, prod

= Ltrerr Lkektr Jijetiw T Zper Jicuw t Gitiw — ()
ST,store U .

Gituw — dituw — di,t,ll,w'

Vie QV vt e T, VIl € LLVw € IT

The enforcement of Kirchhoff’s voltage law (8) for all
feeders in use leads to the following expressions. The nodal
voltage modules are limited by upper and lower limits (9). The
nonlinear constraint reformulation is presented in Appendix A.

yil,j,k,t[Zil, it i,jfifj,k,t,ll,w - (Ui,t,u,w - vj,t,ll,w)] =0;

vieLVieq,vjeaV, vk e K, Vt €T, VIl € LL,Yw €Tl ®

V<vuw<V; VieQV,vteT,vll €LLVYwEI )
The current flow is restricted by the maximum capacity of

the feeders (10). This is formulated as follows:
0 < flikeuw S ViixiFli VIELVIEQ,VjE

10
QV. vk e KLVt € T,VIl € LLVw €11 (10)

If a feeder is not used, then the current flow is 0. The
current supply by substations depends on the number of
transformers, which have a maximum current value that can
be supplied. Constraint (11) sets the upper bounds for current
that can be supplied by the transformers in use. The current
supplied by renewable generators is limited by the minimum
between their capacities and the maximum power availability
depending on the technology. Wind generators’ upper limits
depend on wind speed and PV generators’ upper limits depend
on solar irradiation (12). The variable associated with unserved
energy, dl,, is defined as continuous and non-negative (13).
Constraint (14) limits the level of penetration of DG as a
fraction € of the demand.

0 < g{heuw < Yir:Gi; Vtr e TR, Vi € Q%,Vk

11
€K vt € T,VIL € LL,Yw €Il (11
0= gft,ll,w < yiz,,t G\iz,,t,u,w; Vp € P,Vi € QP,Vt ’
ET,VIl € LLYw €Tl (12)

0<dlinw<dituws Vi€ Q]l-, vt € T,VIl € LL,Vw
eln (13)

STprod :

ZpEP ZL‘E.QP gft’”'w + ZiEQST(gi,t,lIZ_C\? _ gfz:lslizre) <

gzieny\' dienw; VEET,VILELLVYwEII (14)

The power supplied or stored by storage units is limited by
the minimum between their capacities and the maximum

capacity (15)—(16). Finally, in (17), binary variables
w; ot and gy o™ are defined to avoid producing and

storing energy simultaneously.

QST uST,prod <

ST, da ~ ST, d .
vt S Gieiw S GTu 0 vi e 05T, vt

LtlLw Ltliw
eT,vileLL,VYw eIl

ST,store ~ST ., ST,store - ST
SGicuw =07 Uy VIENT,VE

eT,Vlle LLVw eIl

(16)
ST,prod ST,store ST
ptiw T Yicuw = Yit (17

Along the planning horizon, it is only possible to invest in
one of the candidate alternatives for each component (18) —

(15)

ST ., ST,store
G U

u

(22). Constraints (23) guarantee that new transformers can only
be added in substations that have been previously expanded or
built. Candidate assets for reinforcement, replacement or
installation can only be used once the investment is made.
Under the assumption that the existing network is radial, (24)—
(26) model the utilization of both existing and newly installed
feeders explicitly characterizing the direction of current flows
in order to keep radiality. However, for the interested reader, if
radiality operation is considered and meshed topologies are
allowed, equal symbols at equations (24)—(26) need to be
modified relaxing these equations. The utilization of new
transformers is formulated in (27) and the utilization of
installed generators and generic storage units is modelled in
(28) and (29). The total investment cost at each stage t has an
upper limit that cannot be exceeded. Constraints (30) impose
this budget limit for investment at each stage.

ZtETEkEKl xl‘l,]',k,t < 1; vie {NRF, NAF},V(i,j) € Yl (18)
Sierxi; <1; VieQss (19)
Yter DkekNT xll\,]kT:t <1, VieQ¥® (20)
TeerXp, <1; VieQP 1)
Yeerxii <1; VieQsT (22)
X S Vi xS, VieQS,vke KN, vteT (23)
Yitke T Ve =1 V(@) € YEFF vk e KEFF vt e T (24)
Yijke ¥ Vit = e=1 ¥l jers  VIE 25)
{NRF,NAF},V(i,j)) eY ,Vk e KL, VtET
YEfee + Vit = 1= oy Deexmrr xlfiee; V(i) € 26)
YERF vk € KERF wt €T
Y <Y xM VieQS,vkeKNT,vteT (27)
yhs¥iixl; VieQr,vteT (28)
yir <¥LxT; VieQS,vteT (29)
DIE{NRF.NAF} Lkek! 2(i,j)e! Ciljsc{)ijxil,j,k,t +
Yieqss CiI'SSxiStS + Y kerNT Dicqss CiIkNTxQIkT,r +

Lp  cA~D.D
Ypep Ziear Ciy, PGy x;, + (30)

ZpEP ZieQST CiI'STpr_STfo < IBt; VteT

Generally, distribution networks are radially operated
regardless of their topologies. Note that constraints (31) impose
nodes to have a single input flow while expression (32) sets a
maximum of one input flow for the remaining nodes. As shown
in [14], traditional radiality constraints (31)—(32) may fail to
guarantee a radial operation of the distribution system when
DG is considered, due to issues with transfer nodes and
isolated generators. This difficulty is overcome by adding the
set of radiality constraints (33)—(39). The existence of isolated
generators is disabled in (33)—(39), which model a fictitious
system with fictitious demands. The fictitious demand at load
nodes that are candidate locations for DG installation is equal
to 1 p.u., whereas at the remaining nodes it is set to 0 (40).
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YleL Zieg§2keKZYil,j,k,t =1 VjeQN,VteT @D
ZZEL Zieﬂﬁ- ZkEKlyil,j,k,t = 1; VJ ¢ Q%N' VteT (32)
DieL Xkek! Zjeﬂ%(fifj,k,t - fjfi,k,t) = gfts —D;; Vie (33)
Q¥ vteT
0 < fEh <npg; Vi€ QFFF,vj € QN, vk € KEFF, vt
o7 (34)

0 < fERF < (1= e Tyenrr xfiiE )npe; V(i j) €
YERF vk € KERF wteT (35)
0 < ffRE < (1 - Zboy Texmrr X8 ) npe; V(I )) €
YERF vk € KERF vt e T (36)
0<flixe < (Zi, X!k )pg; VIE 37)
{NRF,NAF},v(i,j) e Y, Vk e KLVt eET
0 < fline < (Btes xil,j,k,r)nDG; vie (38)
{NRF,NAF},v(i,j) e Y, Vk e KLVt ET
0<gif <npg; VieQ¥,vteT (39)
~ _{1; vie QN VteT 40

oy Vig QN vteT (40)

Such fictitious nodal demands can only be supplied by
fictitious substations located at the original substation nodes,
which inject fictitious power through the actual feeders.
Constraints in (33) represent the fictitious current nodal
balance equations. Constraints (34)—(38) limit the fictitious
flows through the feeders. Constraints (39)—(40) set the limits
for the fictitious currents injected by fictitious substations.

C. Demand Response Constraints

The inclusion of DR in the problem formulation requires an
adequate treatment of uncertainties in the system and load
levels. In an attempt to accommodate the increasing amount of
RES in existing power systems and to provide an adequate
framework for the DR impact in existing power system
models, load period approach and a clustering approach have
recently been applied to accurately represent load curve. DR
has been introduced in the model considering elastic demand
functions calibrated by load levels. Positive and negative
demand shifting is limited by the maximum amount of
shiftable load, expressed as a function of the substation prices
and the demanded energy (41)—(42). The slope of the demand
function is determined by the elasticity considerations already
discussed. At least some of the customers are considered to
participate in real-time pricing, where consumers face risks
associated to spot pricing. The considered elasticities represent
the participation of consumers in such a tariff modelling,
where smaller elasticities correspond to lower participation
levels. Final demand levels for each considered block are
defined in (43). Constraint (44) guarantees that the overall
positive and negative demand responses are equivalent.
Constraint (45) defines the average price for the considered
load level. It is calculated based on the substation prices at
stage t for load level Il and scenario W obtained from the
solution of the model without DR.

driyw <
(Dt wbu+ Ditibwhin) (Cts,lsb,w‘ccs,lsl,w)
max4 0, . e 41
{ v S At By o (41)
Vieni,vteT,VIl € LL,Yw € Il
driyw < o (42)
(Ditwbu+ D1 whin) (szsz.w-cfsfz,w)
max4 0, e e
{ X éwu oy T
vieni,vteT, VIl e LL,YwE Il
dieuw = Dituw * A iw — Alieuw (43)
Yudrdu, = Tudrii, Vi€ QLVteT, Vil e (44)
LL,Vw eIl
c3S = Mvg >0Vien,vte
tlLw Zlb Ay lb,ll ) (45)

T,vlile LL,vw eIl

The reference price-quantity pair composed of the
weighted average price and the fixed demand level
{cts‘fb’W,Di‘t‘u’W} is considered to be the base point of the linear
demand function for each load level. The price elasticity
assumptions determine the slope of the demand function with
own-price elasticities (;; ;) and cross-price elasticities (&;p ;)
being exogenously provided, based upon values from the
literature. Own-price elasticity refers to how energy
consumers react to every single load level, considering the
average price of the incumbent load levels. Cross-price
elasticity (also known as elasticity of substitution) refers to the
consumer’s reaction to the prices in other load levels. The
addition of price elasticities results in DR function d; .,
which expresses the quantity demanded (d;;;,,) as function
of the relative deviations of load level prices from the
reference level. In [27], a clear analysis on the demand
response sensitivities to participation rates and elasticities is
presented. Based on [27], the present paper assumes a cross-
price elasticity of 2% between day and night periods and 4%
between the levels corresponding to the same load block.
Different methodologies have been defined in literature [27-
29] to adequately account for DR in both, network and
generation expansion planning modelling. The nonlinear
constraint reformulation is presented in Appendix B.

D. Energy Storage Constraints

In modern power systems, storage devices have grown
rapidly. Energy storage units are integrated to Energy
Distribution Systems (EDS) to meet several purposes such as
real time power demand, smoothing output power of
Renewable Energy Resources (RES), improving power system
reliability and being economically efficient. Consequently, a
generic storage system is modelled and mathematically
represented through (46):

Xnb [All ( UiST'smre g

ST,store __
itllw

46

<—n";”°"> gfi;’iﬁ’d)] =0vVgenvrentvie 46)

i
2T, vteT,vywell

In medium- and long-term power system models, it is a

common approach to approximate the demand curve by load
levels in order to make the models computationally tractable.
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However, in such an approach, the chronological information
between individual hours is lost (and therefore also the
transition’s function of the ESS). The proposed approach
considering different demand blocks following the above-
described criteria allows to better integrate chronological
information in power system models, thereby resulting in a
more accurate representation of system outcomes such as
electricity prices and total cost. In order to adequately
represent the ESS transition, (46) is formulated to be
accomplished at the n, b level (day/night, load block).

E. Substation Prices

To adequately integrate price-dependent resources, the
substation price has been defined as a function of the injected
power in the distribution network. Equations (1), (4), (41),
(42) and (51) are affected by these variable substation costs.
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Fig. 3. Substation prices.

The aforementioned expression (4) models all production
costs including substation production costs, which are
dependent on the substation price for the considered load level
and generation of the individual units. To do this, a binary
expansion approach [25] has been used. The discrete substation
price c7y,,, has been defined by b steps (or blocks) between
L,"and L,™ by adding binary variable z.,;, (47).
Variable 6,5, represents the level of substation power
injection for each considered step b (Fig. 3). The value of
B¢ puw is limited by the upper and lower limits of the
considered step (48). The sequentiality of the active step b
introduced in the formulation of the substation price is
guaranteed in (49). Equation (50) guarantees the equivalence
between the sum of the energy supplied by the different
transformers and the considered substation power injection.
The nonlinear constraint reformulation is presented in
Appendix C.

ss _
Ceitw = 2 Co Zepuw 47)
min max
Zepuwls S Opuw < Zepuwls (43)
Zepuiw = Zep+1lw 49)
tr —
Z ituw = Z Zepuw Oep,uw (50)

iensS benB

F. Demand Payment

Electricity customers in isolated electric power systems
expect reasonable and non-discriminatory prices. Substation
prices have been considered in the proposed methodology as

an adequate non-discriminatory price signal for consumers.
Constraint (51) models the demand payment for each load
level as a function of the substation price and the total volume
of demand (Fig. 1). The nonlinear constraint reformulation is
presented in Appendix D.

_ Ss
Peuw = Ct,ll,wpf dituw
ieqN

(1)

V. CONCLUSIONS

DR and ESS are considered a promising subject in
operation and planning of electrical power systems. However,
the impact of both technologies in joint distributed generation
and distribution network expansion planning has not been
fully analyzed yet. The first of this two-paper series
formulates the effect of these two technologies in distribution
systems expansion planning. A responsive demand has the
potential to play an important role in more flexible and
smarter power systems. Its relevance in the short-term
operation of electric power systems has been extensively
investigated, where symmetric treatment of demand and
generation creates the strongest incentive for final consumers
to participate actively in the wholesale electricity market.
When considering medium- and long-term planning, demand
responsiveness has an impact on reduction or deferment in the
required expansion planning. DR can even substitute
generation and distribution network expansion, as shown in
the companion paper, where generation and network
investments have been deferred. DR can contribute to
adequately accommodate renewable generation in a joint
distribution and generation expansion planning problem,
increasing the volume of RES optimal allocated in the system.
Additionally, the present study investigates the costs and
benefits of ESS deployment and the reduction of network
investment cost by deploying ESS. Therefore, an adequate
expansion planning requires the integration of DR and ESS in
the planning process, since some overinvestments may be
averted.

Further work will address the issues brought up by
incorporating Demand Response and ESS, solving the
problem using bi-level programming techniques. Research
will also be conducted comparing the proposed approach with
enhanced planning methodologies such as k-means and system
states.

APPENDIX. MODEL LINEARIZATION

The optimization model for the joint generation and
distribution network expansion planning presented includes
nonlinearities which make the optimal solution hard to obtain.
Instead of directly addressing the original problem of mixed-
integer nonlinear programming, a mixed-integer linear
formulation is proposed. The nonlinearities are related to the
bilinear terms involving the products of continuous and binary
decision variables. These nonlinearities are recast as linear
expressions by using a piecewise linear approximation for
energy losses and integer algebra results for the bilinear terms.

A. Kirchhoff’s Law Linearization

Constraints in (8) model Kirchhoff’s voltage law for all
feeders in use considering existing fixed feeders, existing
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replaceable feeders, new replacement feeders, and newly
added feeders. These constraints are only active when the
corresponding line is used. The equivalent integer linear
reformulation (also known as Fortuny-Amat and McCarl
reformulation) is defined in (A1), where M is a large enough
positive constant and its influence is similar to constraint (8).
This non-linearity is modeled through binary variables and the
expression associated with Kirchhoff’s voltage law. The linear
formulation of these constraints is presented below:

! 1 gl
-M(1- yi,j,k,t) < Zijfijruw — (Vi uw —

Vieuw) <ML =yi0);

B. Demand Response Linearization

Constraints (42) and (43) represent positive and negative
demand shifting, respectively. The equivalent integer linear
reformulation is defined in (B1)—(B2).

(AT)

~M(1 = 20fw) < driug = o
o Eup g Dudlaw B+ Dicibahis) (szsbws;%) <
| o Coilw
M(1 -z,
~M(1=28f,) < drij, - -

SS ~SS
(Di,cuwhu+ Dit,ibwbin) (Ct.lb.w‘ct.ll.w)
Ap+ Ay Ciiw

<

Zlb flb,ll
M(1 - Zt?l‘;,w)

C. Substation Energy Price Linearization

Non-linear terms associated with the product of binary and
continuous variables (52) are discretized to:

Iihetuiw
i€0SS
The non-linear product of binary and continuous variables
can be equivalently reformulated as an integer equation (also
known as Big-M reformulation) (C2). In constraint (C2) M is
a large-enough positive constant.

-1 = Zepuw)M < Opuw —

Ocbiiw = Zebiiw (C1)

git;c,t,ll,w
i€nSS kektr
< (A= zgpuwM
The formulation of the objective function as a
maximization problem requires additional constraints to
guarantee the correctness of the substation price linearization
(C3)—(C4).
Peoiw = Zepsruwls
—(1 = zepuw)M < pepuiw = Oepuw
< A=zepuwM

(€2)

(©3)
(C4)

D. Demand Payment Linearization

According to (47) — (50), substation prices have been
defined by b steps (or blocks) between L,™" and L,™** by
adding binary variable zp;,,. Then, the equivalent integer
linear reformulation of (51) is defined in (D1)—(D2).

PebiLw = Ztpuw deiiw
ieaN
The non-linear product of binary and continuous variables
can be equivalently reformulated as an integer linear set of
equations (also known as Big-M reformulation) (D2).
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