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It may be that small generators scattered across the

Abstract. A high penetration of distributed generation in distribution networks would cause alteratl(?n.s in these
electricity networks makes it necessary to adapt the network to networks - or ConV?rSEIy h_ave_ a benEﬂC'a_l eTfECt'
the new conditions of generation and consumption. Storage Therefore, the location of distributed generation is an
units can be converted within a few years in another element of important aspect of network planning.

power grids. Therefore, it is necessary to analyze the network to As stated in [3] a distributed generator is connected to a
determine the optimal location of distributed generation, which distribution system, and it will produce energy right
lines need to be built or where to install the storage units. there, which changes the traditional power distribution
This paper presents a model of power network planning which system radically. In this sense it is important to verify

takes into account the effect of the expansion of distributed
generation. The results obtained show the continuing
replacement of conventional generation by distributed
generation and the importance of storage units in this process of

that the quality of service is not affected.
Poor or no planning can result in obtaining a massive loss
of power [4], or serious disturbances in the network,

replacement. which would adversely affect the quality of supply. In [5]
and [6] the importance of good planning is emphasized

Key words and the need to develop efficient algorithms that simplify
that task is pointed out..

Electric network planning, distributed generation, The influence of storage units in electricity networks is

optimization, storage addressed by some authors. Researches in [7] carried out

the optimization of a distribution system where
conventional generators and non-conventional generators
with random characteristics are considered. Storage units
are included to withstand periods where non-
conventional generators are not present. Others authors
[8] describe a model to solve the optimal power flow in a
power system, which includes wind farms and hydro
storage units owned by independent power producers.
Paragraph 2 describes the mathematical model used here
for distributed generation and storage in electricity
networks. In paragraph 3, results are presented which
were obtained during the planning horizon. It is
confirmed a progressive increase in the penetration of
distributed generation and storage units.

1. Introduction

In recent years, the way of generating electricity has been
changing. In the past, all energy was generated in large
power plants (hydro, fossil fuel and nuclear). This energy
needs to be transported over long distances to
consumption centers.

The emergence of new technologies that make efficient
and cost effective electricity production on a smaller
scale, allows the placement of this distributed generation
of throughout the entire network, which is a fundamental
difference, compared to the traditional approach. The
introduction of any generation in these networks has
changed some well established concepts . As mentioned
in [1] and [2] the inclusion of renewable energy in

today's society has caused the change in the way of . . e
making Electric Power Systems. The planning model is based on minimizing the cost

function, subject to several technical constraints such as
balance of power flows in nodes, energy balance in

2. Mathematical model
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storage devices, operation limits of generators, capacity
limits of power lines and substations, and maximum
voltage drop at nodes. Further details about the model
can be found in [9].

A. Demand, generation and storage models

The introduction of storage devices makes it necessary to
consider models for demand, generation and storage
based on stages. Among these stages an exchange of
energy flow is established that charges and discharges
these storage devices. In this work, it had been chosen a
model of “worse day” with several periods for demand,
generation and storage.

The demand model can be represented by an annual
average profile. In the presented study a standard profile
has been considered as the basis of demand behavior. To
apply it to different nodes, the standard profile is
multiplied by the average demand for each node and a
normally distributed noise is added.

e Profile
Base Profile
Noise 30%

Hour of day
Fig. 1. Normalized standard profile to demand model.

The renewable generation profiles shown in Fig. 2 were
obtained from historical data. The average of the data is
kept in the models, but adverse situations that may be
compensated by the storage units are introduced. In the
case of wind resource an annual average of 25% of
installed capacity is assumed. In addition, a peak that
reaches 100% of nominal power at night and a minimum
of 0% in the afternoon are assumed, thus simulating the
worst scenario when there is always a maximum
generation when demand is lowest and vice-versa. In the
case of solar resource, the base profile was taken from
the annual mean day of radiation. To simulate here the
worst case, it is introduced a peak of 100% followed by a
minimum of 0% during midday. In another period, power
is adjusted to comply with the annual average of about
19% of the peak power, which corresponds to a resource
of about 1660 kWh / kWp installed power. Finally, the
profile for hydropower resource is similar to the wind
profile. Here the annual mean is 30% of installed
capacity and the assumed minimum at night is 10% of
generation, insead of zero.
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Fig. 2. Normalized renewal generation profiles.
B. Optimization problem

Optimal planning of distributed generation in distribution
networks is formulated here as an optimal mono-
objective model, which minimizes the cost and is subject
to a set of constraints.

The planning process should ensure that distributed
generation is sized optimally for the proposed planning
horizon, considering that at any stage of its planning
horizon the system operation is optimal.

The objective function to be minimized is the total cost
along the planning horizon in this case 20 years.
Constraints depend on the system operation in each
period. Distribution substations and renewable distributed
generators are responsible for providing the power
required by the consumer centers. The substations can
supply a maximum power limited by the capacity of
distribution transformers. Renewable generators have
also associated a maximum power that depends on their
technical characteristics, a fixed cost that depends on its
nominal power and a variable cost that depends on its
maintenance. The lines have associated fixed costs and
variable costs. The fixed costs depend on their length and
variable costs depend on their transmission losses.

In the first year, the whole distribution system is set up,
under the condition that no distributed generation and no
storage are present. As a result, lines are sized according
to the load flows and the associated annualized costs are
calculated. From the second year onwards, the
installation of distributed generation and storage is
allowed, but no additional lines can be added. The
installation cost of the new capacity is annualized and
added to the costs originated from the first year, and so
on. For every year, the sum of these annualized costs is
minimized. If this annual cost C, is divided by the annual
demand of energy E,, the cost of energy COE can be
calculated for every year of the planning horizon as
shown in (6). This way, the evolution of the minimized
COE is obtained in €/kWh.

Ca
COE, = E. (1)
Where C, is the cumulated annualized cost after a years,
E, is the energy demand in year a.
The cost of each element in period t is derived by adding
the fixed costs CF and variable costs CV per period t and
annualized to present with the coefficient van.
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fgen;, = (CF;, + CV;,)van, (2)
flinj, = (CF;, + CV;,)van, (3)
fstoy; = (CFy, + CVy,)van, (4)

Where:

fgen;, , total cost of generator i in period t,
flin;; , total cost of line j in period t,

fstoy: , total cost of storage device k in period t,

Energy supplied by the network substation Eg;; in kWh
comes from different sources, whether conventional or
renewable. If the energy price is PE in € / kWh, then the
cost of this energy in each time period t is:

Coe=fpe PE Y D Equy (5)
ieEN qeco
Where:
fpe  escalation factor of the energy price.

PE, energy price in € / kWh imported from the

network in period t.
N set of nodes i.
0 set of substations q.
E imported energy from network in kWh from

q,it
substation g at node i at period t.

The mathematical formulation of the problem is:

minz (Z fgen;, + Z flin;, + Z fstoy,;

teT \icG jeL kes

N CE,t) (6)

Suject to:
- power balance in each node n,

[ Z (Ej,t —ﬂi.t) + Z Sig

JEL(n) i€G(n) )

+ Z (ﬂk,t — SCpr — gk,t)
kES(n)

- charge state of storage device k € S,
S0Cy: = SOCy (1—1) T €Cy — edy, (8)
- operation limits of each generator i € G,
Smin; < s; < Smax; C)]

- operation limits of each line j € L,

Smin; < s; < Smax; (10)
- operation limits of each storage device k € S,
ec, < ECmax, (11)
ed; < EDmax;, (12)
- voltage limits of each node n € N,
Vmin < v, < Vmax (13)

where:
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G set of all generators in the network ( G(n) is the
generator set in node n ),

L  set of all lines in the network ( L(n) is the lines set
to start or end at node n ),

S set of all storage devices in the network ( S(n) is
the storage devices in node n),
T set of time periods,

N set of network nodes,

fgen;, total cost of generator i in period t,

flin;; total cost of line j in period t,

fstoy: total cost of storage device K in period t,
d,; complex demand at node n in period t,
sje  complex power flow at line j in period t,
sp;. power loss at line j in period t,

s;:  complex power at generator i in period t,

sdy, , scy, charge and discharge power of storage
device k in period t,
spy: Ppower loss at storage device k in period t,

50Cy (t-1) » SOCy, , Charge state of storage device k in
period (t-1) and period t,

ed,, , ecy, charge and discharge energy of storage
device k in period t,

Smin;, Smax; operation limits of generator i,

Smin;, Smax; operation limits of line j,

ECmax,, EDmax,; operation limits of storage device
K,

Vmin, Vmax, voltage limits at nodes.

3. Results

The study case is a distribution network of 15 nodes and
14 lines. The distribution substation is located at node 1
and has a capacity of 30 MVA, 115/10 kV. The main line
is a double-circuit of 3X1X400Al and branch lines are
single circuit of 3X1X400Al. The network topology is
shown in Figure 3, network data are in Table I, demand
data in Table II.

8 kW
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9 — 14 ——
Tloz kW
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;
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Fig. 3.  Topology of distribution network.

RE&PQJ, Vol.1, No.9, May 2011



Table I. - Network data of 14 lines.

Line (ni-nj) R(ohm) PC(kwW)| Length(m) | Z(ohm)
1-2 0.0000176 350 265 1.3235
2-3 0.0000309 200 229 1.1446
3-4 0.0006170 100 165 0.8227
4-5 0.0001235 50 206 1.0276
2-9 0.0006170 100 272 1.3579

9-10 0.0001235 50 228 1.1377
2-6 0.0006170 100 345 1.7249
6-7 0.0001235 50 147 0.7340
6-8 0.0001235 50 169 0.8441

3-11 0.0006170 100 242 1.2111

11-12 0.0001235 50 330 1.6515

12-13 0.0001235 50 272 1.3579

4-14 0.0001235 50 301 1.5047

4-15 0.0001235 50 161 0.8074

Table Il. — Demand data (kW) in the network of 15 nodes.

t0 t1 t2 t3 t4 t5 t6 t7 8 t9 t10 [ t11

00| 00| 00| 00| 00| 00| 00| 00| 00| 00| 0.0
122.9 | 52.0 | 98.8 [115.2 [100.8 | 65.7 [138.4 | 94.8 | 34.2 |128.1 |163.7
1619 | 790 | 21| 644 | 80.6 (1313 | 821 | 529 | 74.7 | 783 | 83.0
93.6 | 30.6 | 683 | 29.6 | 40.8 | 52.6 | 16.2 | 853 | 48.1 | 65.3 | 84.9
194.4 [276.7 |149.1 |221.7 |317.1 |183.3 [258.6 [144.6 |320.2 |343.2 |246.8
227 | 578 | 56.8 | 345| 358 | 20.4 | 40.2 | 159 | 54.7 | 475 | 475
1115 [112.0 [143.1 [135.9 [106.4 | 49.8 [123.6 |133.8 | 87.6 | 87.5 |186.6
. . 821 )| 624 ) 204 | 56.5| 68.7 | 53.3 | 61.7 | 63.6 | 69.8
96.8 1101.2 | 89.5 | 80.3 |156.3 | 90.5 |108.2 | 96.4 | 79.7 |125.3 |113.9
80| 80| 79| 86| 45| 73| 79| 65| 74| 89| 78
173.9 [105.5 | 87.1 | 82.7 |145.3 [105.6 | 74.9 [195.8 |118.3 |158.8 | 76.9
39.6 | 833 | 514 | 50.3 | 48.7 | 539 | 44.7 | 37.0 |125.7 | 48.1 |1125
1521 139 | 66| 221 | 71| 188 19.1| 204 | 229 | 21.7 | 243
83.9 |1186.0 |134.3 |136.6 | 43.4 |116.8 | 64.9 |135.5 |108.9 |130.0 |115.1
378 | 77| 246 227 | 142|312 | 221 | 154 | 240 | 26.3 | 50.1
N | t12 t13 | t14 | t15 | t16 | t17 | t18 | t19 | t20 [ t21 | t22 | t23

0.0 00 00 00 00 00 00 00 00 00 00 0.0
117.3] 106.1 160.7] 131.6| 78.3] 140.9 137.4) 117.3 115.7] 171.00 58.5
1351 782 129.6) 914 953 159.6) 99.3 149.1) 91.2] 113.4 163.0
68.1 98.00 77.3 742 54.00 78.6] 91.9 64.2 644 66.7 922 57.0
255.8 379.8 399.3 102.7| 197.2] 268.6] 234.4 715 243.3] 284.0| 442.8
45.2 38.9 41.6] 69.4) 27.7] 423 442 342 585 57.00 51.00 34.0
206.8 115.6] 122.9] 169.1) 190.6] 129.5 205.4| 171.7| 218.2] 279.4) 249.7
773 7220 59.00 66.8) 59.9 42.9 54.8 64.3 76.2 411 611 54.1
110.0 1351 111.8] 914 66.7 100.2] 91.1] 1133 77.9
100 86 95 93 150 65 91 75 63 61 83 59 84
207.4 176.6) 115.5 174.3 132.7 107.4) 117.9] 175.9| 215.9
12[129.1 89.5 90.5 738 76.9 759 103.1] 97.7 52.1 114.6( 100.2 119.9
13 178 184 159 7.3 16.5 223 20.6 16.8 14.3 212 147 10.0
149.21 192.6] 128.0] 159.9| 214.3] 219.0) 124.6) 214.8) 159.7| 122.4 183.3

©f|o|~|o|o|s|w|r|-]|Z

o|o|o|o|o|o|o|o|o|o|o|o|o|o|o
~
o
~
N
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N

o|~o|ofslw|nole
N
@
©
©

15 248 | 31.0 420 107 26.8 46.1] 316 27.7] 316 117 351 285

This study case includes the possibility of installing
distributed generation and storage units at the nodes
indicated in Table Ill. The optimization model decides if
DG and/or storage is installed and how much.

Table I11. — Possible locations of DG and storage

Node Wind PV Hydro Storage

XXX [X[X|X[X|X[|X|X[X|X[X]|X
XXX [X XX [X|X[X|X|[X]|X|[X]|X
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The model resolution is carried out using the GAMS
programming software and the solver XPRESS.

Figure 4 shows the evolution of costs of energy (COE)
over the planning horizon in the three scenarios. In the
first scenario, when the demand requirements are
supplied solely by the distribution network
(“Conventional”), the energy cost is increasing from 0.13
to 0.30 € / kWh in 20 years. With the introduction of
distributed generation in the network COE rises more
slowly up to 0.15 € / kWh in year 20. In the third
scenario, when storage is considered, from year 7
onwards COE decreases down to a value of 0.095 € /
kWh. The sudden decrease is due to the fact that storage
starts to be implemented at that moment, because it has
become profitable to install it. It shall be mentioned, that
a 20% annual decrease of installation costs has been
considered here, and after 7 years costs have fallen
enough to make storage profitable.

0.4
Conventional
0.3 Conv+DG
§ Conv+DG+SS
4
® 02 -
L //
8
0.1 1
0 . : - T
0 5 10 15 20
Years
Fig. 4. Changes in the cost of energy during the planning

period.

Figure 5 shows line losses network as a percentage of
total demand for the three scenarios. In the first scenario,
the losses are constant in p.u. throughout the planning
period, which is due to the linearization of the losses,
assumed in the model. In scenarios 2 and 3, the line
losses fall. In the second scenario, installation of DG in
nodes explains the decline in losses, as rising demand and
even part of the initial demand is supplied by this DG. In
the third scenario the losses are even lower. Until year 7
the evolution of the two scenarios is equal, but in that
year the optimization algorithm introduces storage and
losses break down. The storage smoothes the demand
curve and allows better use of renewable generation. The
reduced loss explains the decrease of total cost and the
cost of energy.

Figure 6 shows the energy generated annually by each
generation technology in the distribution system. Energy
supplied by the main grid through the substation tends to
decrease from the second year and becomes zero in year
11. Energy generated by wind sources starts participating
in the second year and increases until year 13 and then it
remains constant. Energy generated by the photovoltaic
generators starts its participation in year 14 and has a
significant increase until year 20. Hydroelectric power is
constant from the second year on. Energy storage is
introduced in year 7 and the energy exchanged by storage

RE&PQJ, Vol.1, No.9, May 2011



systems increases strongly until year 11 and remains with
a smaller increase until year 20.
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Fig. 5. Line losses as a percentage of total demand.
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Fig. 6. Annual energy generates by each technology
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Fig.7. Renewable excess energy generation and storage losses
as a percentage of total demand.

Figure 7 shows the excess energy in the network as a
percentage of total demand. In the scenario with
distributed generation (Conv+DG), the excess energy is
very high, up to 24% of the demand. When storage start
to be installed from the seventh year on, , the energy
excess disappears. On the other hand, storage losses only
reach 6%. This fact is responsible for the reduction of
costs in the expansion of generation.
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4. Conclusion

The escalation of the cost of energy tends to decrease
with the installation of distributed generation and with
storage it even decreases.

It is noted that the participation of wind energy in the
cost of the system is appreciably from year 4 for
installation feasibility and competitiveness, and is greater
after the seventh year, coinciding with the beginning of
the storage facility. Solar photovoltaic has little
involvement until year 17 due to the assumed high initial
costs of installation of 4000 €/kW. Hydro generation is
installed first and remains constant because of the limit of
2 MW introduced in the model. It is economically
feasible and cost of produced energy is almost constant.
The storage has a large impact on the rest of the costs
because it compensates the randomness of renewable
generation. The cost of the lines has a greater
participation in the first 4 years of planning and decreases
steadily.

The distributed generation facility has a cost relatively
low due to the significant reduction of line losses.

The storage facility reduces the excess energy produced
by renewable distributed generators and smoothes the
demand curve. As a result, line losses are further reduced
and the need for power supplied by conventional
generators is smaller. The installation of distributed
generation with storage becomes a highly profitable
alternative and economically viable in future years.
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