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Simulation of regional power markets in the
planning of trans - border interconnections
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Abstract--The paper presents the methodology adopted for
simulating a regional power market within the frame of a
feasibility study of a 1200 km long 2000MW trans-border
interconnection. The Generation-Transmission Maximization
(GTMax) software, which serves as a focal point of the study,
was supported by other tools and models for optimizing water
resources and long-term generation planning. The
simulations have been performed on a yearly basis for the
2012-2027 time period in order to assess the interconnection
capacity, the optimal staged development, and ultimately the
economic viability of the project. GTMAXx simulations also
supported the application of the N-1 criterion for selecting the
modular rating and overload -capability of the HVDC
converters. This was achieved by computing the yearly
duration of energy interchanges within a particular power
range and through the valuation of the energy exchange
opportunity loss due to capacity constrains of the
interconnector.

Index Terms--power transmission planning, energy
resources, optimization, interconnections, reliability.

I. INTRODUCTION

LANNING for cross border interconnections must deal

with not only technical challenges such as long

distances and high capacities, but also with political,
institutional, load forecast and market strategies aspects.
Essentially, it has to cope with major uncertainties related
to the size, location and timing of the power generation
sites and the associated load forecast. In many developing
countries the only option to deal with a capacity shortage is
to secure trans-border bulk power exchanges and to
participation in regional power pools. Globally considered,
the power exchanges are effectively using the regional load
diversity and energy resources, while tremendously
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increasing the both power quality and reliability leading to
a major step towards social development and sustainable
economic development [1].

In addition to the conventional power system analysis,
load forecasting and least-cost generation development
models, modern transmission planning must simulate the
operation of the regional markets, quantifying the benefits
of the interconnection under a variety of power exchange
scenarios, and provide the basis for the economic and
financial analyses. High funding requirements of the
transmission projects, require a thorough assessment of the
bankability of the project and ultimately its feasibility [2].

The paper presents the methodology adopted for
simulating the regional power market within the frame of a
feasibility study of a 1200 km long 2000MW trans-border
interconnection, using the Generation-Transmission

Maximization (GTMax) software tool.

II. APPROACH AND METHODOLOGY

An integrated framework consisting of several software
tools and databases has been developed for the power
market simulation and analysis, as shown in Fig 1.

The planning horizon took into account 15 years. Since
the interconnection makes use of remote hydro resources,
the information flow shows interfaces to a specialized
reservoir simulation package (water inflows, reservoir
characteristics, hydro generating units). This data has been,
in a first step, used for developing the least cost generation
expansion plans of the utilities on both sides of the
interconnection.

The results of the least-cost generation expansion plans
for the isolated utilities have been the starting point for the
regional generation - transmission - load simulations and
optimization performed by GTMax [3]. Besides the
information on generation, transmission network and loads
for each of the 15 years, the optimization model has taken
into account different exchange scenarios, starting from
bilateral firm contracts and up to open power market.

The GTMax simulations were carried out for each year
in the planning horizon, in two different configurations:

* without the interconnection (isolated utilities),
and



* with the new interconnection line.

The first configuration creates a reference with respect to
nodal and average costs of the generation before the
interconnection and provide important input for the
financial and economic analyses (for example for assessing
the avoided costs in the importing system). The second
configuration, featuring the completion of the
interconnection line, is used to determine the potential for
profitable power exchanges and to optimally size the
capacity of the interconnection transmission lines and
HVDC terminals.
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Fig. 1 Generation and Transmission Optimization methodology using
GTMax

III. GENERATION AND TRANSMISSION OPTIMIZATION

GTMax takes into account the topology of the network,
interconnection transfer capacity, hourly loads, and supply
costs in each of the two power systems. The program
requires information on the unit commitment, individual
unit production costs, hourly electrcity demand and the
network topology.

GTMax calculates the energy sales or purchases in
different areas of the system assuming a competitive power
market, under capacity constraints on the interconnection
lines. The optimization criterion is to minimize overall
operating cost of the interconnected systems; main output
deliverables are the operating points of the dispatched units
and the amount of exchanged energies over monitored lines
on a hourly basis.

Hourly sequential time variances of both demand and
production are considered by the model for four
representative weeks that account for seasonal variations.
Other sets of scenario results produced by the modeling
process include transmission line N-1 interconnection
element outages, different hydrological conditions and
regional trade scenarios.

In the model, hydropower plant operations are driven
primarily by hourly electricity demand, grid transmission
constraints, the physical characteristics of each individual
hydropower plant and associated reservoir, and temporal
hydrological conditions that constrain the amount of energy
a plant produces.

As illustrated in Fig. 1, GTMax uses monthly projections
of hydropower energy and capacity derived from a
reservoir routing model that simulates hydropower
operations for both existing plants and new plant additions.
In the model, hydropower plant operations are driven
primarily by hourly electricity demand, grid transmission
constraints, the physical characteristics of each individual
hydropower plant and associated reservoir, and temporal
hydrological conditions that constrain the amount of energy
a plant produces.

Hydropower simulations are initially performed with
conventional hydrological tools on a monthly time step,
producing estimates of both plant-level generation and
capacity. Simulation are based on statistical data for a 50
year historical period. The prepared hydrological model
estimated hydropower plant operations under five
hydrological conditions, ranging from very dry to very wet.

GTMax uses these results to further refine the
simulation from a monthly time step to an hourly one. Fig.
2 shows weekly, country-level seasonal hydroelectricity
production. Generation levels shown in the figure are based
on extremely dry hydrological conditions and account for
plant scheduled maintenance. As new hydropower plants
are brought on-line, hydropower generation increases over
time.

Fig. 3 shows hydrological simulation tool projections of
monthly electricity generation in 2015 under a wide range
of hydrological conditions for all hydropower plants in
both countries,. Hydrological variability tends to be
relatively low during the dry season (January through June)
as opposed to the wet season, featuring a much wider
hydrological variability.

IV. SIZING OF INTERCONNECTION

An hourly optimization of the interconnected system
operation was performed for each year from 2012 to 2027.



The results of the GTMax simulation for the power flow on
interconnection are shown exemplarily for the year 2017 in
Fig. 4.

The bidirectional, cost-minimized energy flow was
calculated as statistical distribution over the transmission
interconnection.

Of special importance for sizing the interconnection
capacity is the time duration of a particular exchange
magnitude, computed by GTMax. Model output is used to
quantify the economic impact of a capacity restriction (like
due to a circuit outage of a double circuit line or one pole
of a bipolar HVDC link) and therefore it directly interacts
with the economic and financial analyses [4].

The annual average line utilization duration was
estimated at 5000h, GTMAX being used to identify the
yearly duration for which the power flow over the
interconnection exceeds a particular capacity constraint.
Fig. 5 presents the yearly average power flow over the
transmission interconnection, for the assumed utilization
factor.

In a first iteration, the unconstrained power flow over the
interconnection line is used to approximate the most
economic capacity of the line. However, the proposed
technical concept, introduces for cost reasons capacity
constraints in case of single outages, so that it is necessary
to evaluate iteratively the impact on the unconstrained
energy export and select an optimum rated capacity, from
both investment cost and economic performance points of
view.

The bottlenecks are specific to the HVDC technology
which was selected as technical alternative. The strict
application of the N-1 criterion to the HVDC alternative
leads to very high investment costs. As partial substitute,
the conceptual design in case of one pole unavailability
recommends specifying a continuous overload of 30%.
This capability is in practical cases reflected in a moderate
increase of the bipole cost, since it is still possible to make
use of the full HVDC filter capacity.

Following a gradual development of the generation

capacity, a phased development of the converter capacity
was proposed in two phases of 1000 MW each. For the first
1000 MW phase, the strict application of the N-1 criterion
would lead to doubling the converter capacity. But the link
being bipolar with very remote possibility of a common
mode failure, the most probable single outage is of one
single pole. The pole in operation can be specified
practically without cost impact for a continuous overload
capability of 10%. Moreover, assuming that the associated
HVAC filter capacity is not affected by the pole outage, it
is possible to obtain a price impact of only 15% for an
overload capability of as much as 30%. The constrained
capacity for the duration of one pole outage is therefore
650 MW. For the bipolar operation it is only required to
consider the standard continuous overload capability of
10%, or 1100 MW. The impact of these constraints on the
energy exchange opportunities was quantified computed by
GTMAX, in following steps:

- compute exceedance curves as exemplified in Fig 5,
showing the duration of the unconstrained power
flow ranges

- indicate capacity constraints, for example the single
pole operation of the bipole, under standard (10%)
or special (30%) continuous overload capability

- compute energy exchange opportunity loss due to
the capacity constraint, as exemplified in Table I.

The results in Table I show that the amount of unserved

energy resulting from opportunity losses in case of pole
outages is very low, not justifying economically a concept
based on full compliance with the N-1 planning criterion.

Fig. 6 shows the comparison between the power

transferred over the interconnection line for more than
5000 h yearly, corresponding to a line load factor of 0.57
and the design capacity as discussed above: 650 MW for
the first phase of the project and 1300 MW for the second
phase.

The interconnection design capacity was finally selected

based on thermal withstand suitable to the identified power
flows, for all generation commitment and export scenarios.

TABLE
TRANSMISSION CAPACITY OPTIMIZATION FOR YEAR 2017
Reference TOTAL
Capacity  Overflow. MW distribution function (GTMax results)
YEAR 2017 Unserved Energy
MW % year 1000 1100 1200 1300 1400
1100 1200 1300 1400 1500 [MWh/year] % Annual flow
Rated capacity, MW 0,05 003 0015 0013  0.006
Unserved Energy 1000 0,114 ’
[MWh/y] 43800 52560 39420 45552 26280 103806 1.80
110 % Overload, MW 1100 0.06 0 0.03 0.015  0.013  0.002
Unserved Energy
[MWh/y] 0 26280 26280 34164 7008 46866 0.81
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Fig. 2 Weekly country-level hydro power production by season
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Fig. 3 Monthly hydro power plant generation by different hydrological conditions in year 2017
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Fig. 4 Power flow over the transmission line and hydro power plant generation for one characteristic week in year 2017
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Fig. 6 Comparison between the power flow for 5000h and firm N-1
capacity of the interconnection line

The tentative sizing was subsequently validated by a
detailed power system analysis (including transmission and
sub-transmission levels) in order to assess the performance
of the integrated system, confirm the choice of the
technology and provide input for the voltage and current
specification under abnormal operation conditions, outages
and faults.

V. CONCLUSIONS

The paper highlights the necessity of simulating the energy
market in the feasibility studies for large interconnection
projects, on top of conventional deterministic power system
analysis. This is mandatory to obtain information on the
economic financial viability of the project under various
sets of uncertainties on national demand and production
sides, and ultimately on the bankability of the Project.

The described methodology makes intensively use of a tool
for optimizing the energy exchanges in a competitive
market on an hourly and weekly time basis, subject to
interconnection capacity constraints. Since for the
presented case study, hydropower was the dominant energy
resource, the paper stresses further the necessity of pre-
processing the data for the market simulation by
specialized tools which consider statistic hydrological
conditions, peculiarities of the hydro plant operation and
reservoir overall constraints.

The methodology is applicable for the long term
perspective required in the feasibility studies, while
preserving the level of detail which is used in operational
planning.

Finally, the economic optimization of the transmission
line capacity must be checked in an interactive loop by
power system analysis, which can reveal important facts
about the performance of the integrated system and the
staging of reinforcements in the transmission and
distribution systems.

VI. REFERENCES

[1] United Nations Department of Economics and Social Affairs,
“Multidimensional Issues in International Electric Power Grid
Interconnections”, New York, 2006.

[2] V. Koritarov, T. Veselka, G. Conzelmann, “Analysis of Economic
and Financial Impacts of a Southeast-European Electricity Market”,
in Proc. 6™ IAAE European Conference on Modeling in Energy
Economics and Policy, Ziirich, 2004.

[3] M. Mahalik, “GTMax Operation Manual, Argonne National
Laboratory”, Argonne, 2007.

[4] CIGRE Report, “Network planning in a deregulated environment”,
WG 37-30, 2002.

Biljana Hadzi-Kostova received her MS degree in 2001 from
“St. Cyril and Methodius” University in Skopje, FYROM and
PhD in Electrical Engineering in 2005 from “Otto-von-Guericke”
University Magdeburg, Germany. Since 2006 she is with the
Power System Studies Department of Fichtner Consulting
Engineers, Stuttgart, Germany.

Her fields of interests are master plans and trans-border
interconnection studies.

Liliana Oprea (M’1996) received the MS degree in 1989 and
PhD in Electrical Engineering in 1997 from University
,,Politehnica” Timisoara, Romania. Since 2000 she is with the
Power System Studies Department of Fichtner Consulting
Engineers, Stuttgart, Germany.

Her fields of interests are power system dynamics-modelling
and simulation, power systems reliability, electromagnetic
transients in power systems.

Victor Popescu (M’ 2002) received M.S. and Ph.D. degrees from
the Polytechnic Institute, Bucharest. His background includes
development of protection relays, power system control, planning
studies and conceptual design for HVAC and HVDC transmission
systems. He is since 1981 with the Power System Study
Department of Fichtner Consulting Engineers Stuttgart, Germany.

Thomas Veselka is Energy Systems Engineer at Argonne
National laboratory. His main area of interest is development of
tools for generation and transmission optimization, especially
with large shares of hydropower. He has an exposure of more than
25 years to various projects for utility generation and transmission
planning and power market restructuring.



