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Abstract This paper presents a new formulation for the optimal planning of distribution systems considering both
the implementation of distributed energy resources and the existence of electricity markets. The problem is to
minimize the total cost while subject to the system constraints. The costs incurred during the planning time such as
capital cost, replacement cost, and fuel cost, etc. are reverted to the initial stage by the rate of return and summed up
to form the objective function, called Net Present Cost. The problem is formulated in Dynamic Programming
framework and solved by Dynamic Programming backward algorithm. The numerical simulation in case study
shows that the proposed method is capable of providing a flexible planning scheme, i.e., optimal policy while
handling all system requirements throughout the project lifetime. In addition, the drawback of Dynamic
Programming such as computation time is acceptable in the planning problems.
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1. Introduction
Recently, Distributed Energy Resource (DER) has emerged
to be an important power source to meet the increasing
demand of electric power systems. Encompassing a
variety of primary resources such as wind, solar and/or
fossil fuels, etc., DER is capable of providing electric
power at a lower cost and higher level of quality and
reliably [1]. However, the proliferation of DER particularly
in distribution systems, on the other hand, also poses
many difficulties to system operators. It is because the
distribution system has been designed to be a passive
network, i.e., there is no or negligible active power sources
inside. The network is fed by the transmission system to
supply the electric users. Therefore, all operation, protection
and control scheme, etc. are designed to work with
uni-directional power flows [2,3]. In addition, nowadays,
the electric power industry has been restructured in which
the ownership and operation of power systems are
decentralized and done through competitive electricity
markets [4]. Each entity would act for its own benefit
rather than for the well-being of the whole system. This
would further challenge the system operator since the
view point of system-users changes from the system to
individual perspective.
Many study efforts have been paid to address the issue
of DER in distribution systems and electricity markets.

The concept of a new distribution system to integrate DER
such as Microgrid, is presented and studied in [5,6,7,8]. In
this form, all DER’s advantage is expected to be captured
while the negative impact can be avoided. The planning of
distribution system with DER and/or under market
environments is studied in [9,10,11]. These works mainly
focus on upgrading the electric network taken into account
the possibility of DER sources existing in some nodes
and/or the change of load profiles.
In this paper, we focus on the resource planning for
distribution systems under market environments. With the
development and maturing of DER technologies, distribution
companies have many choices to fulfill their load, either
by purchasing electricity from the market and/or building
their own DER sources. The distribution companies need
to determine the technology, capacity and time that DER
sources will be built and operated during the project
lifetime. The objective is to minimize the total cost incurred
during the project lifetime: Capital cost, Operation and
Maintenance (OM) cost, replacement cost and fuel cost;
these are reverted to the initial stage by the rate of return
and summed up, called Net Present Cost (NPC). The problem
is formulated in Dynamic Programming (DP) framework
in which the system statuses, decisions and uncertainties
are represented by state variables, control variables and
random variables. By thus, the problem become a standard
DP problem and can be solved by DP backward algorithm.
The numerical simulation in case study will show the
effectiveness of the proposed planning scheme.
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The remainder of this paper is organized as follows.
Section 2 presents the mathematical modeling of the
objective function, i.e., NPC. Section 3 gives the problem
formulation with the technical constraints. Section 4 is for
Dynamic Programming (DP) method and DP backward
algorithm. Section 5 is to illustrate the application of the
proposed scheme in case study. Finally, remarkable points
are summarized in Conclusion.

It is worthwhile to note that the O&M cost is the annual
payment for operating and maintaining the sources, while
the replacement cost only takes place when needed. The
amount of generation (PG) and/or purchase (PE) needs to
be evaluated according to the demand which is obtained by
load forecasting tools. This will be discussed in Section 3.

2. Economic Evaluation

The optimal planning problem is to determine the
capacity and time that DER and/or the connection to
transmission system need to be built to fulfill the demand.
The solution is subject to the technical constraint and the
satisfaction of electric users. It is formulated as follows.
Objective function:

To evaluate the potential benefit of resource planning,
an economic index named Net Present Cost (NPC) is used
which represents the total costs incurred during the project
lifetime reverted to the initial stage. The NPC is calculated
as follows.
T

1

t 0

1  r t

NPC  

Ct .
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As aforementioned, nowadays, distribution companies
have many choices to fulfill their load. Firstly, the
electricity can be purchased from the market and supplied
end-users via the traditional distribution network. With
this choice, the electric network and connections to the
transmission system need to be upgraded for handling the
increasing amount of loads. The cost to purchase
electricity is paid according to the market price. Secondly,
distribution companies can plan their own sources (DER)
to supply the load thoroughly or partially combined with
the purchase from the electricity market. This requires an
additional cost for investment, operation and maintenance
of the sources; and more importantly, a fuel cost that
depends on the technology and actual amount of
generations. Therefore, the net cost flow Ct is the sum of
the cost of all sources at time t, including capital cost,
replacement cost, O&M cost, fuel cost and/or payment for
purchasing electricity from the market.
N

Ct    C0it  CRit  COMit  CFit   CEt .

(2)

i 1

The cost in (2) can be categorized into Fixed Cost (FC)
and Variable Cost (VC). FC is the cost that depends only
on the capacity of sources, and rarely on generation levels:
Capital cost and replacement cost. In planning, the capital
cost is calculated based on the average plant cost (cost per
unit of capacity setup). Replacement cost, i.e., some parts
of the plant degrades faster than others and need to be
replaced before the project ends, is estimated as a percentage
of the capital cost. VC is the cost that strictly related to the
operation of the sources: Fuel cost and energy cost. In
planning, the fuel cost is calculated as product of the
average fuel cost and output; the energy cost is the
purchased electricity multiply with the market price. OM
is slightly different and consists of both fixed and variable
parts. For convenience, the variable part is added in fuel
costs by modifying average fuel costs. Therefore, the net
cost flow Ct in (2) can be written in details as:
N

Ct    c0it P0it  cRi PRit  cOMi Pit  cFi PGit    E PEt (3)
i 1

3. Mathematical Formulation
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In (4), the objective function is written as a function of
the decision variables, P0it, the planning capacity of i-th
generation at time t and other cost parameters. Eq. (5) is
the constraint of energy balance between the supply and
demand in stage t. Eq. (8) is the reserve constrain of
distribution systems; typically, the reserve requirement is
10%. Eq. (9) expresses the generation limits according to
the capacity factor. Finally, Eq. (6) and (7) shows the
planning capacity limits of i-th generation. The replacement
capacity can be determined as follows.

 P if t  t0  t Ri
PRit   it
 0 if t  t0  t Ri

(10)

In the above formulation, it can be seen that the capital
cost, replacement cost, and OM cost can be evaluated
straightforwardly according to the amount of planning,
P0it and Pit. However, the cost of fuels and/or electricity
purchase needs more detail analysis of the system
operation. The economic operation tool such as Unit
Commitment (UC) and/or Economic Dispatch (ED) is
included to estimate the generated electricity of each
source and also, the amount purchased from markets. In
planning, it is determined based on the load duration curve,
i.e., showing the time duration of each load level. Each
source is committed to fulfill a certain area of loads
following the rule of least-cost operation, i.e., the source
with lower fuel cost will be committed to supply the load
first. In this case, the purchase from the transmission
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system can be thought as a source with the fuel cost is
equal the market price. If all the sources are in the
increasing order of fuel cost, their commitments to fulfill
the demand are expressed in Figure 1 as follows.

xt 1  f  xt , ut , wt 

(15)

ht  xt , ut , wt   0

(16)

lt  xt , ut , wt   0

(17)

umin  ut  umax

(18)

xmin  xt  xmax

(19)

In DP framework, the objective function is formulated
in term of three variables: control variable, ut, state
variable, xt, and random variable, wt. In (14), the cost
function g(xt,ut,wt) is the same as expressed in (4). Eq. (15)
shows the stage transition, i.e., the relationship of the
current state with the decision in the previous stage as in
(13). Eq. (16) - (19) described the equality and inequality
constraint such as energy balance, reserve requirement and
the capacity limits of sources which are detailed in (5) (9). The DP framework is shown in Figure 2.
Figure 1. The load duration curve and the commitment of the sources

It is noted that Renewable Energy Source (RES) such
as Wind Power (WP), Photovoltaics (PV), etc. consumes
no fuel, therefore, they are allowed to generate as much as
they can depending on the primary resources.

4. Dynamic Programming Method
DP is widely used in power engineering problems such
as UC, ED, resource allocation, etc. Particularly, it is an
effective method to deal with the uncertainty, nonlinearity
and inter-related (i.e., the current decision will affect the
optimality of the future decision) problems [5,13,14].
Therefore, we recommend DP method to solve the optimal
planning problem as formulated above.
Figure 2. The problem in DP framework

4.1. Dynamic Programming Framework
Let us define
ut be the planning capacity of sources at the beginning
of stage t.

ut   P01t P02t

P0 Nt 

(11)

xt be the existing capacity of sources in stage t.

xt   P1t P2t

PNt 

(12)

We have

xt 1  xt  ut

(13)

wt be the uncertainty in stage t, such as the uncertainty
of load forecasting, electricity price, etc.
We can rewrite the problem in DP framework as
follows.

min

ut
t  0,1...T 1

s.t.

T 1


gT  xT    gt  xt , ut , wt  

wt
t 0

t  0,1...T 1 

E

(1)

4.2. Dynamic Programming Backward
Algorithm
The DP backward algorithm, as its name means starts
from the last stage and moves backward stage-by-stage to
the first one. In each stage, a sub-problem that is searching
for the optimal decision started from the current state are
solved; also, a performance index called cost-to-go
function is defined which indicates the minimum added
cost of the whole remaining stages. Therefore, it can be
recognized that the manipulation in each stage would
provide information of how best the performance can be
in future. The optimal control at each stage is archived to
construct the control policy, μt(xt). The control policy is a
function of the system state which gives the optimal
decision, i.e., the optimal planning of DG sources at each
stage for a given current state xt (the existing capacity of
DG technologies). The algorithm will terminate if the
following condition is satisfied: (1) the initial stage was
reached and (2) the control policy of all possible states
was defined [Figure 3]. The DP backward algorithm can
be described mathematically as follows.
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Capacity (kW)

The DP backward algorithm for solving the problem is
coded in Matlab software consisting of four modules:
Data-input, state-encoding, cost-functions, and the main
body is DP backward algorithm. The optimal planning for
the distribution system is shown in Figure 4.
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Figure 4. The optimal planning of the distribution system in the case of
study

Figure 3. Dynamic Programming backward algorithm

5. Case Study
In this section, we will apply the proposed method for
resource planning of a distribution system with the project
lifetime of 10-year. All the potential generation sources
have been investigated and taken into considerations: WP,
PV, diesels and purchasing from the electricity market.
Therefore, the planner needs to decide which kind of
sources should be included, how much and when they
should be built during the planning time.
Suppose that a load forecasting technique is employed
to estimate the electricity demand and load duration in the
whole project lifetime. Table 1 shows the electricity
demand forecasted in the first year of planning duration; it
is expected to increase by 10% each following year.

The simulation result shows that all DG sources
are planned at different stages of the project lifetime:
1000-kW WP is planned in the first year; PV are planned
with 250 kW, 500 kW and 250 kW in the fourth, eighth
and ninth year, respectively; and diesels are built with
1750 kW, 500 kW and 1000 kW in the fifth, ninth and
tenth year, respectively. It is because WP seems to be the
most cost-effective technology with low capital cost, no
fuel, and the capacity factor is acceptable. Therefore, the
maximum potential of WP is planned in the first year to
take its advantage of economy. PV, on the other hand,
suffer from high capital cost and low capacity factor but
provide the planner with flexibility. Therefore, small
amounts of PV are built in different years which mainly to
fulfill the increment of loads and reserve requirement
(10%) [Figure 5].
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The potential capacity and cost data of generation
sources in the distribution systems are investigated and
given in Table 2.
Table 2. The technical and economic parameters of the power
sources
Power sources

Wind

PV

Diesel

Trans.

c0 ($/kW)

1,000

1,500

500

1,800

cOM ($/kW)

10

5

10

15

cR ($/kW)

900

1,200

450

1,600

cF ($/kWh)

-

-

0.075

0.05

tR (year)

12

20

6

10

Pmax (kW)

1,000

1,000

4,000

10,000

α (pu)
β (pu)

0.98
0.45

0.98
0.35

0.95
0.75

0.90
0.70
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Table 1. The electricity demand forecasted
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Figure 5. The reserve and capacity factor of the planning during the
project lifetime.

Diesels, although incurred an expensive fuel cost, it is
cheap in investment. Moreover, the potential capacity is
not limited to the resources as that of WP and PV.
Therefore, it is planned with a significant amount to serve
the demand. About the connection to the transmission line
(Trans.), it is suffered from very high capital cost; thus, it
is not the choice in this case of study.
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The capacity factor and reverse of the system during the
planning time are shown in Figure 5. It can be seen that
the reserve is maintained above the requirement (10%)
throughout the project lifetime. It rises at the first and fifth
year since a significant amount of sources is built (WP and
diesels). However, at the same time, this also makes the
capacity factor decreased. The capacity factor of the
distribution system in the planning is from 0.35 to 0.46;
this is mainly because of the low load factor, i.e., load
profile. The costs incur during the project lifetime is
expressed in the following figure [Figure 6].
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Figure 6. The costs incurred during the lifetime of the project

It can be seen that the capital cost is equivalent with the
capacity planned during the project while the OM cost is
depending on the existing capacity available in the
distribution system. The fuel cost rises constantly during
the project lifetime because of the increase in the load
demand. The rate of increase is reduced at some stages
when fuel-free sources are built (WP and PV). In the end
of the project, there is a return value. That is the value of
the source still in service (individual lifetime) when the
project ends. In this case of study, the NPC of the
resulting optimal planning is 7.6329 (10 6 $).

6. Conclusion
This paper has presented a new formulation for the
optimal planning of distribution systems. The problem is
concerned with the implementation of DER in distribution
levels and the availability of electricity markets; the
system operator is provided with flexibility to fulfill the
load demand. In addition, DER is usually modulated in a
small size; this would give the planner even more choices:
the capacity and time when the DER is built. Therefore,
the planning problem becomes complicated and needs an
appropriate solution method. In this paper, we have
proposed DP framework and DP backward algorithm to
formulate and solve for the resource planning of
distribution systems. The numerical simulation in case
study has shown that various DER sources need to be
considered differently according to their economic and
technical properties. Some of them should be built earlier
to take the economic advantages (WP), while the other
depends on the actual need of the system (i.e., the demand)
and/or other technical aspects. One of advantage of DP is
to treat the uncertainty during the planning time; however,

tR
N
i
r
Ct
C0it
CRit
COMit
CFit
CEt
c0i
cRi
cOMi
cFi
ρE
Pit
PRit
P0it
PGit
PEt
α
β
PLt
PPLt
R
PDt
xt
wt
f()
ht()
lt()

the project lifetime, [year]
the stage index in the project lifetime, [pu]
the planning, i.e., setup, time of the sources,
[pu]
the time (duration) of replacement, [year]
the total number of sources, [pu]
the number index of DG technologies, [pu]
the rate of return, or discount rate, [%]
the net cost flow, i.e., net cost at stage t, [$]
the capital cost of DG technology i at stage t,
[$]
the replacement cost of DG technology i at
stage t, [$]
the operation and maintenance cost of DG
technology i at stage t, [$]
the fuel cost of DG technology i at stage t, [$]
the energy cost, i.e., the purchase from
electricity market at stage t, [$]
the average plant cost of DG technology i,
[$/kW]
the average replacement cost of DG
technology i, [$/kW]
the average operation and maintenance cost
of DG technology i, [$/kW]
the average fuel cost of DG technology i,
[$/kWh]
the electricity price, [$/kWh]
the existing capacity of DG technology i at
stage t, [kW]
the replacing capacity of DG technology i at
stage t, [kW]
the planning capacity of DG technology i at
stage t, [kW]
the generating electricity of DG technology i
at stage t, [kWh]
the purchasing electricity at stage t, [kWh]
the utilization factor, [pu]
the capacity factor, [pu]
the electric load at stage t, [kW]
the peak load at stage t, [kW]
the rate of reserve requirement, [%]
the electricity demand at stage t, [kWh]
the state variable, i.e., the existing capacity in
stage t, [kW]
the random variable, i.e., the uncertainty
occurred in stage t, [pu]
the state transition of the system
the equality constraint at stage t
the inequality constraint at stage t
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ut
umin, umax
xmin, xmax
J

the control variable, i.e., the planning
capacity at the beginning of stage t, [kW]
are the control limits of the system
are the state limits of the system
the cost-to-go function, [$]

[6]
[7]
[8]
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