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Introduction
I have been working as a researcher and PhD candidate at the EWE Research Centre for
Energy Technology at the University of Oldenburg (NEXT ENERGY) since October 2014. I am
writing my PhD thesis in Applied Mathematics at NEXT ENERGY in the research group System
Modelling and I am externally supervised by Prof. Sebastian Sager from the Mathematical
Optimization Institute at the Otto-von-Guericke University (OVGU).
As part of my PhD project at NEXT ENERGY, we derived a network model of electricity
transmission grid for scientific purposes, called SciGRID [1], which is based on open data
provided by OpenStreetMap1. Using SciGRID, an open grid dataset was generated, which we
used to analyze the complexity of power transmission networks by means of a graphtheoretical decomposition approach [2].
Further, I am interested in the design of networks with the ability to integrate high shares of
renewable energy sources. Professor Daniel Bienstock is a renowned expert on the analysis
and control of power grids, especially in studying vulnerabilities and cascading blackouts,
which made him an ideal mentor. He is a Professor at the Columbia University's Industrial
Engineering and Operations Research Department. As part of the research group led by Prof.
Daniel Bienstock, I was involved in a new collaboration between NEXT ENERGY, OVGU and
the Columbia University. This collaboration includes research on modeling and solving
battery operation problems to offset uncertainty of renewable energy sources in power
transmission networks.
In this short report on the exchange, I will present preliminary results from this collaboration
and my personal experience of the exchange. Finally, I will give conclusions from our results
and explain my further plans for collaboration with Prof. Bienstock.

Research Undertaken
During the exchange period, under the guidance of Professor Daniel Bienstock I had access
to the necessary knowledge and resources to address the problem of modeling and solving
battery operation problems in power transmission networks. The basic idea was to combine
an optimal power flow in a multi-time period model with robust optimization techniques to
handle forecast errors of renewable energy sources with an affine control for battery
operations. The objective is to minimize the costs of conventional power generation. In the
proposed model, the main aim is to offset uncertainty in renewable forecast output while
minimizing cost.
In a first step, the multi-time period optimal power flow framework for power transmission
networks was reviewed and implement. Then both a battery model with an affine control
policy and a wind power generation model were developed and integrated. The wind power
model represents both expected forecasts and forecast errors of wind power generation
output for each time period. By means of the Farkas Lemma, cuts were generated. Based on
these cuts, a Cutting Plane Algorithm was developed to solve the robust optimization
framework. In Figure 1, the principles of the Cutting Plane Algorithm are illustrated by
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means of a very small network with one battery, two wind farms, three load areas, and
three conventional power generators. This example is taken from a presentation that we
gave at at the FERC Software Conference [3].

Figure 1: All four networks represent cost-optimal power flows. TOP LEFT: Nominal case without consideration of
forecast errors. BOTTOM LEFT: Worst case of forecast errors for wind power output results in a violation of the
flow limit of line 4-5. From this violation a cut is generated to prevent this violation. TOP RIGHT: Nominal case
without consideration of forecast errors but with consideration of the cut. Note that the costs increased.
BOTTOM RIGHT: Worst case of forecast errors for wind power outputs with consideration of the cut results in a
prevention of the line 4-5 from exceeding the flow limit.

Personal Experience
Most of the people I met at the Columbia University were international students from all
over the world. The three PhD Students working in the Group of Prof. Daniel Bienstock came
from Singapore, Canada, and Chile. Furthermore, there was a very informal and pleasant
atmosphere in the research institute.
In the first month, Prof. Daniel Bienstock explained how to analyze and control power grids
in general. In particular, we investigated the AC & DC power flow equations, the use of the
Farkas Lemma, and the possibilities for affine control of batteries. Further, he elaborated
robust optimization methods that can be used for power transmission networks with high
share of renewable energy sources.
In the second month, we had many meetings on modeling battery operation problems to
balance power supply and load. As a consecutive step, we started implementing and testing
our model based on open grid data from MATPOWER2. Herby, we made in particular use of
my knowledge in software development from the SciGRID project at NEXT ENERGY.
In the last month, we further extended and improved our model for large grids with
thousands of busses and branches and presented our first results at the FERC Software
Conference [3]. At this conference, I had the opportunity to talk with Prof. Ray Zimmermann
who is responsible for the development of MATPOWER. We talked about the development
of case files and he agreed that the open grid dataset derived with SciGRID could be part of
MATPOWER in a future release.
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Overall, it has been rewarding to be working with an interesting group of international
researchers in the Columbia University’s Industrial Engineering and Operations Research
Department located in Manhattan of New York City. Through this exchange I extended my
knowledge in mathematical programming and vulnerability analysis of power networks with
high share of renewable energy sources. I gained experience, important skills, and
methodological input which is crucial for my success in my PhD.

Conclusions
I had a very successful exchange period in the Columbia University’s Industrial Engineering
and Operations Research Department. The undertaken research provides important
methodological contributions to the research of transmission networks with high share of
renewable energy sources by establishing a method that can be used for validating power
transmission networks. In particular, the model for investigating battery operation problems
in a multi-time period robust optimization framework enables further research on the
storage placement problem and for analyzing the vulnerability of power transmission
networks. The approach and results of this project provide a significant progress for my PhD.
Furthermore, the results are considered to be subject of joint scientific publications.

Outlook
In addition to our joint presentation at the FERC Software Conference [3], our further
research plan is to use the established battery operations model and investigate the above
mentioned storage placement problem and analyze the vulnerability of power transmission
networks. This implies that I will keep close contact with the researchers at Columbia
University. This research is intended to lead to joint scientific publications as a Journal Paper
and contributions to upcoming conferences.
This exchange established a new collaboration between NEXT ENERGY and Columbia
University and could be the first of several exchanges of students in both directions.
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