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Abstract: This article assesses the costs and benefits of incorporating battery energy storage systems
(BESS) in transmission network expansion planning (TEP) over multiple time periods. We propose
a mixed-integer programming model (MIP) for joint planning of the installation of battery energy
storage systems (BESS) and construction of new transmission lines in multiple periods of time.
The mathematical formulation of the presented model is based on the strategies of the agents of a
transmission network to maximize their benefit, and on the operational restrictions of the power
flows in transmission networks. This analysis is performed for the Garver 6 node test system takes
into account the power losses in the lines and the restrictions for the energy stored in BESS. The power
flows obtained with the MIP model are compared with AC power flows generated with specialized
software for flows in power systems. This allows us to demonstrate the potential of models based on
DC power flows to achieve approximate results applicable to the behavior and characteristics of real
transmission networks. The results show that the BESS increase the net profit in the transmission
networks and reduce their power losses.

Keywords: mixed-integer linear programming; transmission expansion planning; battery energy
storage systems

1. Introduction

1.1. Background

In the classical approach, transmission expansion planning (TEP) is an optimal means of selection
for the construction of new transmission lines [1]. The implementation of the TEP model requires the
optimization of multiple objectives (reducing congestion, minimizing operating and investment costs,
increasing the competitiveness of the system and maximizing social benefits, among others) in one or
more planning periods [2,3], with capital investments that have a large long-term impact for the entire
network [4].

The results obtained in the TEP models help mitigate the saturation of the transmission lines or
the congestion in the network. However, its implementation is limited by economic, environmental,
social and operational factors that can impede or delay the construction of transmission lines [5].
Therefore, the TEP models for a network must be based on the formulation of problems that include the
dynamics of perfectly competitive markets, present economic and efficient solutions to contingencies
and anticipate in advance the construction of the infrastructure necessary to meet demand.

A solution that the literature presents to give greater flexibility to the implementation of the results
of a TEP model is the integration of battery energy storage systems with batteries (BESS) [6]. This is
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because BESS can mitigate peak loads, decrease line saturation, reduce required investments and
improve network congestion while building new lines [7]. In addition to this, BESS-based technologies
have also been shown to be a solution to provide greater flexibility to networks with high penetration
from non-conventional renewable energy sources [8], decrease losses in transmission and distribution
systems, and be used in Auxiliary services, such as frequency support, contingency reserves, and black
start [9,10].

In a TEP model for a perfectly competitive market, which avoids restrictive practices against
free competition that end up distorting the real signal of energy prices, the integration of the demand
response evaluates the power of loads with regarding price changes or incentives over a period of
time. In turn, obtaining optimal expansion strategies that manage the high penetration of renewable
energy sources and the integration of new agents (distributed systems, energy storage, etc.) [11].
This contributes to flattening the load curve to manage greater energy efficiency and stability in the
network [12].

1.2. Hypothesis and Aims

The appropriate selection of the location, capacity, installation and operation periods (loading
or unloading) of BESS increases the social benefit of a network, since it manages to mitigate load
peaks, reduce the saturation of lines, reduce investments in lines, and improve network congestion.
Additionally, they are an alternative to economic or operating contingencies that may prevent or
postpone the construction of new transmission lines [13]. Hence, this research project proposes the
integration of BESS in a TEP model. This is because compared to the construction of transmission
lines, the installation of BESS is faster and represents lower investment costs. To evaluate the effects of
including BESS in the expansion of transmission networks, this article develops a MIP model with
multiple joint planning periods for TEP with new lines and BESS. This, in the context of a competitive
electricity market in which restrictive practices against free competition are avoided, which end
up distorting the real energy price signal. The dynamic TEP with BESS model that is proposed is
based on a DC model for power flows that offers a better approximation than the transport models,
integrates the non-convex nature of the TEP problem and represents lower computational costs than
the implementation of the models AC.

1.3. Contributions

Concerning the models for planning transmission network expansion, the main contributions of
the authors in this article are:

• Include BESS in dynamic TEP problems with MIP. It is considered a joint optimization process to
maximize the total benefit of the system through the construction of transmission lines and the
installation of energy storage systems, taking into account the decrease in battery storage capacity
and losses on the lines.

• Perform a sensitivity analysis to describe the relationship between the number of loss linearization
blocks, execution times, and model accuracy.

• Validate the approaches made for power flows and losses in the network. Through the comparison
of DC power flows of the MIP model with simulations for AC power flows in specialized software
for power systems (i.e., Disigilent Powerfactory 15.7).

In the scientific literature, there is no formulation in which the joint planning of the installation of
BESS and the construction of transmission lines is presented for multiple planning periods under the
context of competitive markets in which there is also a growth in demand and dispatch of power along
with its costs. On the other hand, this paper presents a detailed analysis to characterize power flows
and losses in the network. The comparison with AC power flows in specialized software for power
flows is a novelty of this article that also allows to graphically demonstrate the behavior of the power
flows in the lines and compare them between different expansion plans.
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1.4. Article Organization

The article is organized as follows: Section 2 is a review of the scientific literature for TEP models,
emphasizing the authors who describe the benefits of incorporating BESS into the TEP problem.
Section 3 describes a linear model for BESS, a detailed analysis of the process for linearization of flows
and power losses in the lines is carried out, the develop the mathematical formulation of the TEP
model, the indices and metrics to assess the benefits of the network in the expansion process and show
the results of applying the proposed TEP model to the Garver 6 node test system. Section 4 presents
the conclusions.

2. Literature Review

The integration of the market in a TEP model is presented in Reference [14] defining supply prices
for generators, demand prices for loads and a set of demand scenarios. This benefits the system and
each one of the market agents that compose it to be measured through a set of metrics defined by
the ratio between surpluses and investment. In Reference [15], the authors classify the TEP model in
heuristic and optimization models based on the applied solution methods, and in static and dynamic
according to the planning horizon. Dynamic TEP models establish the years in which the investment
is made and take into account that it will be present until the end of the planning horizon [4].

The application of heuristic and optimization methods aims to introduce improvement actions
to existing networks. However, optimization methods, as the name implies, guarantee network
optimization and provide the best plans for network expansion. The optimization methods for
TEP can be divided into linear programming (LP) models cc, quadratic programming (QP) [16],
mixed-integer linear programming (MIP) [10,17,18], nonlinear programming (PNL) [19] and nonlinear
mixed-integer programming (MINLP) [20]. Mixed-integer programming models are the most used,
taking into account the discrete nature of the decision variables for the construction or installation
of new infrastructure. However, approaches with MINLP, in most cases, refer to the evaluation of a
proposal, rather than the search for an optimal expansion plan [4,15].

In References [17,18], the authors apply the mixed-integer programming method to the planning
problem for the expansion of transmission line networks with a static approach and linearize the
equations necessary to describe the power flows and the losses in the lines. In Reference [10], a TEP
model with static MIP approach includes a sensitivity analysis. It shows that the problem of planning
transmission networks with losses in the lines can be rigorously modeled using MIP and that the
number of binary variables and the number of linearization blocks can significantly affect the execution
times and the accuracy of the model.

In Reference [13] the TEP with MIP model presents a dynamic approach that allows investments
in transmission lines to be modeled for different periods of time, investment payback times, annual
amortization rates, and growth in supply and demand. In addition, it transfers to the beginning of the
planning horizon, the operating and investment costs assigned for each year and generates additional
indicators to the metrics defined in Reference [14]. This is to measure the change in node prices and in
line saturation when the system expands.

For TEP models with static or dynamic MIPs in which the construction of transmission lines and the
installation of battery energy storage systems (BESS) are combined, the problem is to define the location
and capacity of the lines and batteries that they increase the social benefit of the system and decrease
operating and investment costs. The authors in References [5,21] describe a static MIP model for TEP
with BESS and model the decrease in storage capacity, due to shelf life and loading and unloading
cycles. They implement stochastic optimization to account for load uncertainty, and incorporate delays
associated with planning and building new transmission lines. In Reference [5], in addition, there is
a complement to the metrics and indices presented in Reference [13], and a sensitivity analysis that
demonstrates the benefits of including BESS in TEP models in relation to the reduction of its costs and
its technological development.
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3. Methodology and Results

This section presents the mathematical formulation for TEP with new lines and BESS in multiple
planning periods, indicators to evaluate the operational and economic performance of the expansion
of transmission networks and the results and analysis obtained when implementing the TEP model
developed in the Garver 6 node test system. Section 3.1 presents a general context about BESS,
the equations that describe its stored energy, and its importance in the present and future for
transmission networks. Section 3.2 presents a detailed analysis of the formulation of DC power flows
in transmission networks, including losses in the lines. Section 3.3 develops the MIP for TEP from the
restrictions for BESS, power flows, demand scenarios and considerations of a competitive market in
which the net social welfare of the network is sought to be maximized. Section 3.4 describes the indices
and metrics that have been proposed by the authors in references [5,13,14]. Section 3.5 describes the
results of applying the model presented in Section 3.3. The results are evaluated through indicators,
costs and benefits of the expansion process. Additionally, simulations are developed in specialized
software for power systems to verify and graphically display results of the power flows.

3.1. BESS Model

The increasing use of BESS has been fostered by technological improvements, cost reduction,
the ability to provide resilience to power outages, integration with non-renewable energy sources,
increased efficiency of transmission or distribution networks and the ability to provide ancillary
services among other factors [22,23]. The analysis for BESS that is developed in this article is based
mainly on the efficiency and optimization of resources in transmission networks. The inclusion of BESS
in transmission systems reduces congestion that occurs when transmission capacity is exceeded by
customer demand, especially in scenarios of high-power demand during very short intervals. Battery
energy storage systems are an alternative to reduce grid congestion in periods of high demand or
increase the energy available for loads without the need for investments in transmission lines [24].
Despite the fact that in the present the energy storage systems with batteries present problems related
to high costs, reduced useful life and high maintenance requirements, it is expected that cost reduction
and technological advances will allow greater penetration of BESS in transmission networks.

The integration of energy storage systems requires strategies from the owner (new system agent)
of BESS to maximize its benefit. In periods of low demand and low costs per kWh, BESS must receive
energy from the grid and deliver it in periods of high demand and high costs per kWh. Therefore,
in the transmission network operation model with BESS, the energy present in the battery for each
instant of time and the power flow that it delivers and receives from the network must be characterized.
This section presents a linear model to describe the energy stored in a battery based on the mathematical
formulation of the authors in Reference [5].

In a battery-powered energy storage system, the energy at one instant of time (t) depends on the
energy stored at the previous instant of time (t− 1) and the power flow at ∆t.

SBmn(t + 1) = SBmn(t) −
1
ηd

∆t pBmn
(t); si pBmn

(t) > 0 (1)

SBmn(t + 1) = SBmn(t) − ηc ∆t pBmn
(t); si pBmn

(t) < 0 (2)

The energy that is stored in the battery according to (1) and (2) it is in turn limited by the physical
properties of the battery as described in (3) and (4).

0 ≤ SBmn ≤ SBmn
max (3)

pBmn
min
≤ pBmn

≤ pBmn
max (4)
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The equations that describe the energy stored in the battery are not linear because they depend on
the sign of de pBmn(t), the Equations (5)–(7) are reformulated to linearize the model of energy stored in
the battery.

PBmn = pBmn
+
− pBmn

− (5)

Assuming a unitary efficiency in the battery charge and discharge processes and from (5) the
linear model to represent the energy stored in a battery is presented in (6) and (7).

0 ≤ SBmn(t + 1) − SBmn(t) − ∆t pBmn
+(t) ≤ y1mn M (6)

0 ≤ SBmn(t + 1) − SBmn(t) + ∆t pBmn
−(t) ≤ (1− y1mn)M (7)

In (6), when y1Bm is equal to 0 the energy stored at the moment (t + 1) is equal to the energy
stored at the moment (t) plus the energy it received from the network, if y1Bm equals 1, variables are
given the freedom to take values according to other constraints (7) presents the opposite scenario,
in which if y1Bm is equal to 1, the energy stored at the moment (t + 1) is equal to the energy stored at
the moment (t) minus the energy that it delivers to network. In this study, it is considered that the
capacity of a battery throughout its useful life does not remain constant and suffers a reduction in
each charge and discharge cycle. These restrictions are included in a DB parameter in the batteries’
aggregate utility function.

3.2. Power Flow Formulation

The complex power transmitted in a transmission line between two nodes s and r, is presented
in (8).

Ssr = Psr + jQsr =
Vs(Vs

∗
−Vr

∗)

Zsr∗
(8)

Equation (8) is a nonlinear expression for power flows that can be approximated with linear
equations under the following DC model considerations:

• Only active power flows exist.
• RL << XL.
• The voltages on all nodes are equal to 1 pu.
• The difference in the stress angles of the bars is very small.

For Vs y Vr equal to 1 pu, (8) is rewritten in the form presented in (9). The active power flow in
both directions for the nodes s and r are described by (10) and (11), respectively.

Ssr =
(
grs + jbsr

)
−

(
cos(δs − δr)grs + j sin(δs − δr)grs − j cos(δs − δr)brs

+ sin(δs − δr)brs)

(9)

Psr = gsr (1− cos(δs − δr)) − bsr sin(δs − δr) (10)

Prs = gsr (1− cos(δr − δs)) − bsr sin(δr − δs) (11)

qsr = Prs + Psr = 2gsr (1− cos(δs − δr)) (12)

qsr = gsr(δs − δr)
2 (13)
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Equation (12) represents the losses of active power in the lines. For small differences between δs

and δr ((δs − δr) < 0.5) (13) is a good approximation for (12) [25]. In turn, the second order expression
for (12) can be approximated as the sum of linear equations, as shown in (14) and Figure 1.

qsr = gsr

L∑
l=1

δsr(l) αsr(l). (14)

1 
 

 

 

 

 

 

 

 

Figure 1. Approach for losses.

A complete expression for the flow of active power between two nodes s and r is presented in
Equation (15). This is represented as the sum of the lossless power flow and the power losses in the
corridor lines.

Psr = −bsr(δs − δr) +
1
2

gsr

L∑
l=1

δsr(l) αsr(l) (15)

For a maximum number of K lines built in the corridors of a network, the total flow of active
power that is injected into a node s is described by (16).

Ps =
∑

r

∑
k

−bsrk(δs − δr) +
1
2

gsrk

L∑
l=1

δsr(l) αsr(l)

 (16)

3.3. Formulation of TEP with BESS

This section presents the MIP model for TEP with BESS and multiple planning periods in a
competitive electricity market. The TEP approach in an unregulated market allows generators and
demands to establish strategies to maximize their profit. The model integrates the physical constraints
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of the system with the operation of an unregulated market to maximize the total net benefit in electric
power transmission networks. The integration of BESS in the model includes offer prices for batteries
that act as loads or generators, physical restrictions for power flow, decreased energy storage capacity,
and battery life [5]. Regarding the structure of the market, the model considers demand scenarios,
investment and operating costs, power losses in the lines, generators offers, and demand offers [14].
Additionally, the model evaluates operating costs and annual amortization of investments for each of
the periods in the planning horizon [13]. The mathematical formulation of the model presented in this
section are based on the models proposed in References [5,13,14].

3.3.1. Objective Function

∑
∀t∈ΩT

σ

 ∑
∀e(t)∈ΩE(t)

We(t)

 ∑
∀d∈ΩD

λd
e(t)pd

e(t)

(1+i)t−t0
−

∑
∀g∈ΩG

λg
e(t)pg

e(t)

(1+i)t−t0


+

∑
∀t∈ΩT

σ

 ∑
∀e(t)∈ΩE(y)

We(t)

 ∑
∀(m,n)∈ΩB

λBmn
+e(t)pBmn

+e(t)

(1+i)t−t0

−
∑

∀(m,n)∈ΩB

λBmn
−e(t)pBmn

−e(t)

(1+i)t−t0

] − τL
∑

∀(s,r,k)∈ΩL+

Ksrkwsrk
t

(1+i)t−t0

−τB
∑

∀(m,n)∈ΩB+

K Bmn DB SBmn
max ymn

t

(1+i)t−t0

(17)

Equation (17) presents the objective function of the problem. This seeks to maximize the aggregate
social welfare expressed as the aggregate utility function of demand, minus the aggregate supply
function of generators, plus the aggregate utility function of batteries that act as consumers, minus the
aggregate supply function of batteries, operating as generators, less the cost of investment in new lines
and batteries. From the point of view of all market agents, aggregate social well-being also equals the
sum of generation surpluses, plus demand surpluses, plus marketing surpluses, fewer investment
costs in new lines and batteries. To make investment and operating costs comparable σ is equal to
8760 h, equivalent to the hours of the year. Furthermore, both investment and operating costs are
divided by a factor that transfers them to the present value of the first year in the planning horizon.

3.3.2. Constraints

∑
∀g∈ΨG

s
pg

e(t)
−

∑
∀d∈ΨD

s
pd

e(t)
−

∑
∀(r,k)∈ΨLs

(
fsrk

e(t) + 1
2 qsrk

e(t)
)
−

∑
∀(a,n)∈ΨB

m
pBman

e(t)

= 0;∀m, s ∈ ΩN,∀e(t) ∈ ΩE(t),∀t ∈ ΩT : λm
e(t)

(18)

pBman
= pBman

+e(t)
− pBman

−e(t); ∀(m, a, n) ∈ ΩB,∀ e(t) ∈ ΩE(t) (19)

0 ≤ pBmn
+e(t)

≤

(
1− y1Bmn

e(t)
)

PBmn
max; ∀(m, n) ∈ ΩB,∀ e(t) ∈ ΩE(t) (20)

0 ≤ pBmn
−e(t)

≤ y1Bmn
e(t) PBmn

max; ∀(m, a, n) ∈ ΩB,∀ e(t) ∈ ΩE(t) (21)

psrk
min wsrk

t
≤ fsrk

e(t)
≥ psrk

max wsrk
t
∀(s, r, k) ∈ ΩL,∀ e(t) ∈ ΩE(t), ∀ t ∈ ΩT (22)

−(1− wsrk
t )M ≤

fsrk
e(t)

bsrk
+ δs

e(t)
− δr

e(t)
≤ (1− wsrk

t )M ∀(s, r, k) ∈ ΩL,∀ e(t)∈ ΩE(t), ∀ t ∈ ΩT (23)
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0 ≤ −
qsrk

e(t)

gsrk
+

L∑
l=1

δsr
e(t)(l)αsr(l) ≤

(
1− wsrk

t
)
M ∀(s, r, k) ∈ ΩL,∀ e(t) ∈ ΩE(t), ∀ t∈ ΩT (24)

psrk
min wsrk

t
≤ qsrk

e(t)
≥ psrk

max wsrk
t
∀(s, r, k) ∈ ΩL,∀ e(t) ∈ ΩE(t), ∀ t ∈ ΩT (25)

1
2

qsrk
e(t) + fsrk

e(t)
≤ psrk

max
∀(s, r, k) ∈ ΩL,∀ e(t) ∈ ΩE(t) (26)

1
2

qsrk
e(t)
− fsrk

e(t)
≤ psrk

max
∀(s, r, k) ∈ ΩL,∀ e(t) ∈ ΩE(t) (27)

0 < pd
e(t) < Pd

maxe(t);∀ e(t) ∈ ΩE(t), ∀d ∈ ΩD (28)

0 < pg
e(t) < Pg

maxe(t);∀ e(t) ∈ ΩE(t), ∀g ∈ ΩG (29)

0 < pg
e(t) < Pg

maxe(t);∀ e(t) ∈ ΩE(t), ∀g ∈ ΩG (30)

0 ≤ SBman
e+1(t)

− SBman
e(t)
− ∆t pBman

+e(t)
≤ y1Bman

e(t) M ;∀(m, a, n) ∈ ΩB,∀ e(t)∈ ΩE(t) (31)

0 ≤ SBman
e+1(t)

− SBman
e(t) + ∆t pBman

−e(t)
≤

(
1− y1Bman

e(t)
)

M ;∀(m, a, n)∈ ΩB,∀ e(t) ∈ ΩE(t) (32)

0 ≤ δsr(l) ≤ ∆δsr (33)

δsr
−
≥ 0 (34)

δsr
+
≥ 0 (35)

δsr ≥ 0 (36)

The constraint in (18) is associated with the power balance at a node. It establishes that the sum of
the power injected and delivered at the node must be equal to zero, and that the losses in the lines are
assumed equally by the two nodes to which they are connected. The dual variable associated with the
power balance equation represents the node price per scenario.

In (19) variables and relationships are introduced for the linearization of the equations that
describe the energy stored by a battery at an instant of time t, (20) and (21) define the conditions to
associate the power flow in the batteries with charging and discharging processes, in turn limiting
the maximum power flow according to the physical restrictions of the batteries. Equations (22) and
(23) establish the restrictions for the maximum power flow in the built lines, in (23) the relationship
between the lossless power flow, the line susceptance and the angle of the voltages is established on
the bars. Based on the linear formulation for losses in the system, (24) and (25) establish limits for
losses in the lines built. According to the thermal capacity of the system lines, (26) and (27) establish
the limits for the maximum power.
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The equations presented in (28) and (29) consider the capacity and the maximum demand for the
generators and the loads, respectively, while (30)–(32) establish the relationship between the stored
energy and the flow of power in the batteries, for each of the scenarios as defined in Section 2. Finally,
(33)–(36) establish the limits for the variables defined in the linearization process of the losses

3.4. Indices and Metrics

The Indices and metrics presented in this section are based on the models proposed in
References [5,13,14].

3.4.1. Nodal Prices

The nodal prices or LMP (Location marginal price) are equal to the marginal cost of supplying an
additional power unit in a node. It is equal to the sum of the costs of generation, transportation and
losses. The nodal prices are used to calculate the congestion ratio, the income of each generator and
the charge per load. The nodal price system (λs

c) is calculated through the following process:

• Calculate the solution to the mixed-integer programming problem defined in Equations (18)–(36).
• Formulate a linear programming model, establishing binary variables and the optimal demand

solution at each node as constants. The objective function for the linear programming model is
presented in (37). The constraints are the same as those described in (19)–(36).

• Solve the linear programming model for each of the scenarios. The dual variables associated with
the load balance equation are used as nodal prices.

Minimize
∑
∀g∈ΩG

λGg
c pGg (37)

From the nodal prices, the generator’s income or the total payments of the demands are defined
as the sum in all scenarios, of the product of the energy (MWh) demanded or consumed in a node by
its respective LMP ($/MWh). The remuneration to the generators and the payment of the demands
allow defining the surpluses for each one of the agents of the system.

3.4.2. Saturation Index

The saturation index is an indicator that measures the relationship between the flow that is
transmitted through the network and its maximum capacity. In the Equation (38) this is calculated as
the sum of the absolute value of the power flows for all the lines built in the scenario with the highest
demand, on the sum of the maximum power flows of the lines built [5].

is =

∑∣∣∣psr
∣∣∣∑

psrmax (38)

3.4.3. Congestion Index

This index measures the congestion of the system based on its nodal prices. It is a measure of the
deviation of the nodal prices from their average. A small value of the congestion index indicates similar
node prices. The equations for calculating nodal prices are presented in (39)–(41). These equations are
taken from Reference [5].

Is =

∑∣∣∣λs − λ
∣∣∣

Nλ
(39)

λs =
∑

λs
cWc (40)

λ =

∑
λs

N
(41)
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3.4.4. Metrics

A set of metrics are defined to describe the benefit obtained by each of the market agents with
the expansion of the system. The set of metrics are calculated according to the formulation from
Reference [5].

• µ1 Shows the changes in the aggregate social benefit of the general system in relation to
investment costs.

• µ2 Describes the change in generation surpluses with respect to investment costs.
• µ2′ Describes the change in generation and batteries surpluses with respect to investment costs.
• µ3 Describes the change in demand surpluses with respect to investment costs.
• µ4 Describes the change in marketer surpluses relative to investment costs. The marketer’s

surpluses are equal to the subtraction of the total remuneration of the generators less the total
payment for energy consumed from the demands.

3.5. Results

The model presented in Section 3.3 was developed at GAMS with the support of the CPLEX
optimization tool and applied to the Garver 6 node test system. Two case studies are evaluated to
validate the model with the models developed in References [5,14]. A third case study is developed
to establish the costs and benefits of including BESS in a TEP with a planning horizon of 8 years.
The validation of the results developed in GAMS is supported by simulations carried out in Digsilent
powerfactory 15.7.

3.5.1. Garver 6 Node Test System

For the Garver 6 node test system presented in Figure 2, the problem to be solved is to establish
the equilibrium point between the power delivered by the generators and BESS (suppliers of the
electricity market) and the power demanded by the loads and BESS (Demands in the electricity market).
The system has 10 generation units that have a cost associated for each dispatched MWh. The loads
associated with the system are presented as the sum of five demand blocks. The nodes to which the
generation and load units are connected are presented in Figure 2.
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Figure 2. Garver system 6 nodes unmodified.

Table 1 describes the maximum powers and costs of the generation and demand units. Where
P1 are the values associated with demand in the first case study, while P2 are the powers demanded
in the second and third case studies. The construction of the transmission lines to satisfy the power
demand of the system and increase the social benefit of the system is developed by the system operator.
The operational and investment characteristics that the system operator can include in the TEP model
are presented in Table 2. Where Tables 1 and 2 are taken from References [5,14].
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Table 1. Demand and generator restrictions.

Node Name P (MW) Offer Price
($/MWh) Name P1 (MW) P2 (MW) Bid Price

($/MWh)

1 G1 150 10 D1 80 40 30, 28, 26, 24,20
2 D2 240 120 34, 32, 30, 28, 25

3
G2 120 20 D3 40 20 20, 16, 14, 12, 10
G3 120 22
G4 120 22

4 D4 160 80 30, 27, 24, 21, 17
5 D5 240 120 34, 30, 26, 24, 18

6

G5 100 8
G6 100 12
G7 100 15
G8 100 17
G9 100 19

G10 100 21

Table 2. Line parameters for Garver six-bus system.

Line R (pu) X (pu) B (pu) G (pu) Pmax (pu) Cost (M$)

1–2 0.1 0.4 −2.353 0.588 1 40
1–3 0.09 0.38 −2.492 0.590 1 38
1–4 0.15 0.6 −1.569 0.392 0.8 60
1–5 0.05 0.2 −4.706 1.176 1 20
1–6 0.17 0.68 −1.384 0.346 0.7 68
2–3 0.05 0.2 −4.706 1.176 1 20
2–4 0.1 0.4 −2.353 0.588 1 40
2–5 0.08 0.31 −3.024 0.780 1 31
2–6 0.08 0.3 −3.112 0.830 1 30
3–4 0.15 0.59 −1.592 0.405 0.82 59
3–5 0.05 0.2 −4.706 1.176 1 20
3–6 0.12 0.48 −1.961 0.490 1 48
4–5 0.16 0.63 −1.491 0.379 0.75 63
4–6 0.08 0.3 −3.112 0.830 1 30
5–6 0.15 0.61 −1.546 0.380 0.78 61

3.5.2. Case Study 1: Expansion with Lines

In this section the MIP model is validate with results in Reference [14] for the Garver 6 node
test system. As a result, a comparison is generated between the characteristics of the system with
and without expansion. To approximate the behavior of a network in which different levels of power
demand are presented, the loads have associated a demand coefficient to simulate low, medium,
and high demand scenarios. In addition to this, each demand coefficient has a weight associated with
the number of hours in the year that this demand scenario occurs. These characteristics are shown in
Table 3 and are taken from Reference [14]. The results in this section allow to validate the model with
the result.

Table 3. Characteristics of the different scenarios, first case study.

Scenario Demand Coefficient Weight

1 0.47 0.412
2 0.85 0.3297
3 1.2 0.1592
4 1.7 0.0991
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From the results developed in GAMS, it is observed that the added social benefit is maximized
when three lines are built in the expansion process, two lines between nodes 2–6 and one line between
nodes 4–6. Figure 3 shows the power flows through the lines. With the entry into operation of the lines
from node 6 to nodes 2 and 4, respectively, the generation connected to node 6 supplies the maximum
power that the restrictions for the thermal capacity of corridors 2–6 and 4–6 allow. After the expansion
of the system, node 6 supplies 47% of the energy consumed in the network.

1 
 

 

 

 

 

 

 

 

Figure 3. Power flows through the lines, whit expansion.

Table 4 shows the effect of approximations on the linearization of the mixed-integer programming
model. From which the relationship of the number of linearization blocks with the estimation of the
losses, the execution times and the objective function is observed. A reduced number of partitions
decrease the execution times and leads to an oversizing of the losses and reliability of the model
results. While the trend in Table 4 shows that a large number of linearization blocks achieves better
approximation accuracy for line losses and increases execution times. Table 5 presents the results
developed in this article and [14] for the energy generated, demand and loss for each of the scenarios.
Table 6 compares the surpluses, the investment in lines and agent profit. Table 7 compares the results
obtained for the metrics.

Table 4. Effect of linearization blocks.

L Number of Variables Objective Function
(M$)

Computing Time
(s)

Energy Losses
(%)

1 1409 43.993 197.458 11.978
2 1553 51.337 114.513 7.246
4 1841 52.242 101.944 6.280
6 2129 52.503 107.414 5.968
8 2417 52.629 106.405 5.790
10 2705 52.631 136.018 5.708
20 4145 52.673 136.540 5.689
50 8465 52.687 265.359 5.691
100 15,665 52.688 237.754 5.716



Energies 2020, 13, 4386 13 of 21

Table 5. Check Results by scenario for generation, demand and losses.

Scenario Generated
Energy (MWh)

Demanded
Energy (MWh)

Energy Losses
(MWh)

Energy Losses
(%)

Results Model

1 355.300 338.500 16.8 4.728
2 551.100 517.000 34.100 6.188
3 638.700 600.100 38.600 6.044
4 650.000 610.100 39.900 6.138

Result Ref. [14]

1 362.600 342.200 20.400 5.626
2 551.300 517.600 33.700 6.113
3 637.600 600.100 37.500 5.881
4 650.000 611.200 38.800 5.969

Table 6. Comparison of surpluses, investment and social benefit.

Surplus
Demand

Surplus
Generators

Surplus
Marketers

Investment
Lines

Social Benefit
Net

Model results 29.836 25.086 7.866 9.918 52.688
Results Ref. [14] 28 25.5 9.1 9.918 52.682

Table 7. Summary of results case study 1.

Without Expansion With Expansion

Number of new lines - 3
Net social welfare (M$) 37.36 53.076
Total investment(M$) - 9.918

Metric

µ1 - 2.586
µ2 - 0.604
µ3 - 1.459
µ4 - 0.540

Saturation index 0.5393 0.47
Congestion index 0.2048 0.092

Figures 4 and 5 illustrate the nodal prices by scenario, for each of the nodes after and before
the expansion process. The nodal prices are smaller in the lower demand scenarios and have less
dispersion with each other. The larger nodal prices are due to the saturation of the lines and the high
opportunity cost that this represents to supply an additional MWh in a node. The dispersion of nodal
prices in high demand scenarios is due to the fact that the transmission infrastructure is not sufficient
for the power flows required for certain nodes, especially those with high demand but no generation.
On the contrary, the smaller difference in the nodal prices for the low demand scenarios is mainly due
to the cost of the losses and shows that the level of network congestion is not important. In addition,
the existing transmission lines can support the power flows required by the loads.

Figure 4 shows that, before the expansion, the nodal prices are considerably higher than the
marginal cost of the available generators and that they are dispersed among themselves. This is true for
both low demand and high demand scenarios. Figure 5 shows that low-demand scenarios (Scenario 1,
Scenario 2) have lower nodal prices than the marginal cost of some generators available and that
these prices do not present significant differences. Low nodal prices indicate that expansion enabled
optimization of available resources by connecting demand nodes to generators at node 6. In addition,
the little variation between nodal prices for low demand scenarios can be explained by Figure 3—this
shows that in scenario 1 there are no saturated lines, and that in scenario 2 the saturated lines are
smaller for scenario 2 than for scenario 3 and 4.

Expanding the Garver 6-node test system with the three lines connecting Node 6 to The Demand
Nodes allow the system to operate efficiently in low-demand scenarios. However, when these lines are
saturated by an increase in demand that maximizes the total profit of the system (Scenario 2, Scenario 4),
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it is evident that the expansion with lines was not enough to reduce network congestion. In Figure 5,
the increase and variation of the nodal prices for scenarios 3 and 4 is the reflection of the increase in
network congestion. The scenarios with the lowest demand represent 74.17% of the hours of the year.
Hence, the results of implementing the optimization model to the Garver 6-node test system show that
the costs of investing in an additional line do not outweigh the benefits that can be obtained with the
reduction in network congestion in the scenarios of Greater demand.

 

2 

 

 

 

 

Figure 4. Nodal price without expansion.

 

2 

 

 

 

 

Figure 5. Nodal price with expansion.

Table 7 presents the summary with the most important results associated with the expansion of
the system, including aggregate social benefit, number of lines built, total investment, metrics and
saturation and congestion indices. With a depreciation rate of 0.1102, the three lines that were built to
link the demand from nodes 1 to 5 with the generation of node 6, represent an annual investment cost
of $9918M.
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3.5.3. Case Study 2: Expansion with Lines and BESS

With the characteristics presented in Tables 1, 2, 8 and 9, the MIP model is validate with results in
Reference [5] for the Garver 6 node test system. As a result, a comparison is generated between the
characteristics of the system without expansion and with expansion. Tables 8 and 9 are taken from
Ref [5].

Table 8. Demand characteristics.

Scenario Demand Coefficient Weight

1 1 1/6
2 1.67 1/6
3 3.33 1/6
4 2.33 1/6
5 2.67 1/6
6 2 1/6

Table 9. Battery characteristics.

Cost ($/MWh) Capacity (MWh) Power (MW) Offer Price
($/MWh)

Demand Price
($/MWh)

Capacity
Degradation

3000 40 10 27.5 22.5 1.1

According to the results of the MIP model developed in GAMS, Table 10 presents the results for
the power flows in the lines for the Garver 6 nodes test system without expansions. Where the results
presented in Table 10 have low error percentages with respect to the same analysis in Ref [5]. Figure 6
shows the behavior of power flows before expansion. Table 11 presents the comparison of costs and
benefits of including energy storage systems in TEP problems. The main effect of including BESS in
the model is evident in the increase in the social benefit of the system. For the expansion with lines
and BESS, the investment required in batteries is $0.085905 M, and the investment required in lines is
$9918 M. This allows us to infer that investments in batteries to produce increases in the net social
welfare of a network are much less capital intensive than investment in lines. Likewise, the metrics
reflect that investments in infrastructure have a positive effect on the increase in surpluses for each of
the agents in the system. The loads are the most benefited since they can increase the power consumed
at the same time as the congestion in the network is reduced.

Table 10. Power flows before expansion.

Line
Power Flow (MW)

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6

1–2 41.393 36.171 33.708 29.253 33.432 30.782
1–4 29.985 25.690 13.483 27.436 21.629 25.779
1–5 46.677 48.180 67.331 56.261 52.342 55.761
2–3 87.773 99.836 99.998 99.908 99.865 99.895
2–4 3.424 2.069 13.192 11.173 1.158 7.328
3–5 51.778 76.194 100.002 97.932 85.765 94.405
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Figure 6. Power flow, without expansion.

Table 11. Summary of results of case study 2.

Without
Expansion

Expansion with
Lines

Expansion with
Lines and BESS

Number of new lines - 3 3
Number of new batteries - - 4
Net social welfare (M$) 40.48 61.916 62.122
Investment in lines (M$) - 9.918 9.918
Investment in battery (M$) - 0.085905
Total investment (M$) 9.918 10.00391

Metrics

µ1 - 3.1613 3.1633
µ2 - 0.7725 0.4977
µ2′ 0.4977
µ3 - 1.3072 1.4936
µ4 - 1.0808 1.3925

Saturation index 0.5644 0.6781 0.686
Congestion index 0.2055 0.07598 0.098

3.5.4. Case Study 3: Expansion with Multiple Planning Periods

For an 8-year planning horizon in which demand and generation grow at a rate of 3.1% per year
and operating costs grow at a rate of 5% per year, a discount rate of 10% is established. The return
period for investments in transmission lines is equal to 25 years for the total cost of the lines and their
annual amortization rate of 0.1102 [13]. The return period for investments in BESS is equal to 10 years
and their annual amortization rate of 0.1627. Battery characteristics are based on those presented in
Reference [5]. The maximum number of lines per corridor is equal to 3, and the maximum number
of BESS per node is equal to 1. All operating and investment costs carry over to the first year of the
planning horizon.

Figure 7 presents the location and periods of entry into operation of the lines and BESS. Table 12
presents comparative results of the TEP model, with and without including BESS. The TEP model
solution for the Garver 6 node test system with a planning horizon of eight years involves the
construction of 5 transmission lines and four BESS. In the first year of the planning horizon, two lines
are built between nodes 2 and 6, one line between nodes 4 and 6 and 4 BESS systems at nodes 1, 2,
4 and 5. The construction of the lines allows the dispatch of power from the generators connected
in node 6. With the growth of demand and generation in the planning horizon, two new lines are
proposed, a third line between node 2 and 6 in the second year, and a second line between node 4 and
6 in the seventh year.
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Table 12. Results of multiple planning periods.

Without
Expansion

Expansion with
Lines

Expansion with
Lines and BESS

Number of new lines - 5 5
Number of new batteries - - 4
Investment in lines (M$) - 76.164 76.164
Investment in batteries (M$) - - 0.085905
Net social welfare (M$) 300.037 478.624 479.726
Surplus generator (M$) 140.244 205.849 202.713
Surplus demands (M$) 141.132 278.606 202.713
Surplus batteries (M$) - - 1.152
Surplus marketer (M$) 18.660 70.333 73.332
Total investment (M$) - 76.164 76.668
Metrics µ1 3.344 3.344

µ2 - 0.861 0.814
µ2′ - - 0.829
µ3 - 1.804 1.800
µ4 - 0.678 0.713

The metrics described in Table 12 show that all agents derive benefits from the expansion process.
For every dollar invested $3344 are obtained as benefits for all agents participating in the market.
Of which, $0.814 belongs to generators, $0.015 to BESS, $1804 to loads and $0.713 to the marketer.
Based on the results for the expansion of the Garver 6 node test system with lines and batteries in
the first year of the planning horizon, Figures 8 and 9 present the charge profile to maximize system
profits, the power generated and charging/discharging BESSs. These curves define BESS’s strategy to
maximize its profits according to nodal prices, charging in low demand scenarios and discharging in
high demand scenarios.

Figure 9 comparatively analyzes the approximations made with DC power flows for power losses
in transmission lines. This is because the power generated by the Slack node (Node 1) is based on
an AC power flow that can be compared with the generation of the same node in the DC power flow
developed with the implementation of the MIP model in Section 3.3. Table 13 presents the comparison
of these values and describes an absolute error that corresponds to the power losses that have not
been taken into account by the MIP model in GAMS. The proportion relationship between the power
losses of the entire network is due to the fact that with the increase of the losses, a greater number of
linearization blocks is required in the MIP model. However, in the implementation of the mathematical
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model in GAMS, this number was restricted to a maximum of 50 linearization blocks to guarantee
reasonable computational execution times.

 

3 

 

 

 

Figure 8. Power demand, first year planning.
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Figure 9. Power generation, first year planning.

Table 13. The power generated in node slack, first year planning.

MIP (MW) Power Flow AC (MW) Absolute Error (MW)

Scenario 1 150 150.56 0.56
Scenario 2 150 152.011 2.011
Scenario 3 150 152.33 2.033
Scenario 4 150 151.971 1.971
Scenario 5 150 152.6 2.6
Scenario 6 150 151.81 1.81

4. Conclusions

The main contribution of this document is the approach of dynamic TEP models with MIP that
include BESS. With this model, there is a joint maximization process to maximize the total benefit of
the system through the construction of transmission lines and the installation of BESS. This research
shows that the inclusion of BESSs in the TEP models increase the net social benefit of the entire system.
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This is the result of lower operating costs, losses, and improved network congestion. The approach
to the structure of competitive markets shows that each one of the agents of the system establishes
strategies so that their remuneration is greater than operating costs. Additionally, it is evident that the
main effect of including BESS in the operation of the system satisfies higher demands and guarantees
the transmission of generated power at the lowest possible cost.

Including losses in transmission lines and a decrease in BESS’s storage capacity develops the
planning processes based on the real behavior of transmission networks. This is important when
evaluating and weighing the benefits of putting BESS into service, since the results show that the
improvement in the net profit of the network with the inclusion of BESS is mainly due to the decrease
in losses and its location close to the demand centers. Therefore, not including losses in the planning
process can prevent the improvement in system operating costs from being evident. Whereas,
not including a factor representing battery life in multi-period planning processes can overstate the
positive effect of including BESS in TEP.

The contrasting results of the simulations of AC power flow demonstrate that the TEP models
with DC power flow include losses that generate more realistic results on the physical constraints of the
network. In addition, they demonstrate that for planning processes—in which the execution time is not
a relevant restriction—the network operators can increase the number of linearization blocks to more
adequately characterize the power losses in the lines. This also increases the accuracy of the model,
and generate viable alternatives (from the evaluation of the economic) and operational performance
indicators (that result from the optimization process of the TEP problem).
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Notation

t Years
e(t) Scenario e in year t
We(t) Weight of scenario e in year t
σ factor to make investment and operational costs comparable
i interest rate
d Demand block
g Generation block
B Battery
λd

e(t) Price bid of the i-th demand block in scenario c and year t
λg

e(t) Price offer of the i-th generation block in scenario c and year t
λBmn

+e(t) Price offer of the i-th battery in node m for scenario c and year t
λBmn

−e(t) Price bid of the i-th battery in node m for scenario c and year t
pd

e(t) Demand power by the i-th demand block in scenario c and year t
pg

e(t) Generated power by the i-th generation block in scenario c and year t
pBmn

+e(t) Charge power battery n in node m for scenario c and year t
pBmn

+e(t) Discharge power battery n in node m for scenario c and year t
τL Annual amortization rate of the new lines
Ksrk Building cost of line k in corridor s-r
wsrk

t Binary variable of line k in corridor s-r
DB Factor accounting for the degradation of the battery
SBmn

e(t) Energy stored by the battery n in node m for scenario c and year t
λDd

e Price bid of the i-th demand block in scenario c.
ymn

t Binary variable that indicates if the battery is working in year t
K Bmn Cost per MWh in batteries
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τB Annual amortization rate of new batteries
ΩT Set of years
ΩE(t) Set of scenarios
ΩD Set of all charges
ΩG Set of all generators
ΩB Set of all batteries
ΩL+ Set of new lines
ΩB+ Set of new batteries
ΨD

s Set of demand blocks connecting to node s
ΨG

s Set of all generators at node s
ΨB

s Set of all batteries at node s
ΨL

s Set of all lines connecting to node s
fsrk

e(t) Power flow in line k of corridor s-r for scenario c and year t without considering losses
qsrk

e(t) Loss of power in line k of corridor s-r for scenario c and year t
psrk

e(t) Power flow in line k of corridor s-r for scenario c and year t
δs Voltage angle at node s
δr Voltage angle at node r
δsr(l) Independent variable assigned for the linearization of the losses
αsr(l) Constant assigned to the slope of δsr(l)
L Number of linearization blocks (Number of partitions to approximate (δs − δr)

2)
y1Bmn

e(t) Binary variable equal to 1 when the battery is discharged
ηd Efficiency in battery discharge
ηc Efficiency in battery charging
M large positive constant
gsr Conductance between nodes s and r
bsr Suceptance between nodes s and r
δs Voltage angle at node s
δr Voltage angle at node r
qsr Losses of active power
fsr Lossless active power
Vs Voltage at node s
Vr Voltage at node r
Ssr Complex power transmitted from node s to node r
Psr Active Power transmitted from node s to node r
Qsr Reactive power transmitted from node s to node r
Zsr Impedance between nodes s and r
RL Resistance of a transmission lines
XL Inductive reactance of a transmission line
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