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SUMMARY 
 
The U.S. electric power sector is undergoing changes in generation type, generation location, 
environmental regulations, and load patterns.  These uncertainties not only increase the hurdle 
rate for investment in new infrastructure, prioritizing projects with short payback periods, 
they also increase the need for flexibility in the infrastructure already implemented.  At the 
same time, utilities in 19 states are facing a combination of revenue decoupling, rate 
indexation, or rate freezes.  In these states, utilities have an acute incentive to deploy solutions 
with short payback periods. 
 
This paper demonstrates the potential for power flow control to reduce congestion and 
increase asset utilization of a test system within a short payback period.  The analysis consists 
of a cost-benefit analysis based on the costs of the power flow controllers and the reduced 
power system production costs.  Power system production costs are computed using a multi-
period simulation. 
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INTRODUCTION 

 
Investor-owned utilities (IOUs) in at least 19 states face some combination of revenue 
decoupling, rate indexation, or rate freeze, creating the potential for the impacted IOUs to 
improve asset utilization and reduce costs [1] by increasing operating flexibility.  However, 
given the uncertainty of the electric sector and the frequent update of ratecases, a project to 
improve utility flexibility is more likely to be implemented if the payback period is short.  
 
A number of technologies exist to increase flexibility and reduce costs.  This paper focuses on 
power flow control, as it is emerging as a viable solution following the development of new, 
reliable, and cost effective power flow controllers.  Only congestion reduction is quantified in 
the analysis.  Power flow control may have other benefits, which can reduce costs, or improve 
reliability and system security. 
 
METHODOLOGY 
 
For demonstration purposes, a three-bus, two-generator system was setup.  The system is 
simulated under two cases, one with power flow controllers and one without power flow 
controllers.  
 
The peak bus loadings are 100, 500, and 100 MW for Buses 1, 2 and 3 respectively, with Bus 
2 corresponding to the load center.  Hourly loads were assigned for two weeks using data 
from the IEEE 24 Bus Reliability Test System (RTS) [2].  Specifically, the week containing 
the annual hourly minimum load as well as the week containing the annual hourly maximum 
load were selected.  Peak loads were mapped to hourly loads using the relationships between 
hourly loads and peak loads as defined in the RTS.  Reactive power loads were adjusted to 
maintain a power factor of 0.9 lagging at all buses and at all time steps.  A total of 336 hourly 
time steps were simulated. 
 
The system is supplied by two generators, a legacy coal plant remote from the load center at 
Bus 1 and a new open-cycle gas turbine (OCGT) at Bus 2.  The generator variable costs are 
modelled using linear heat rates and O&M costs representative of these plant types and 
vintages [3,4,5].  Fuel costs are EIA projections for US electric-sector costs for 2014-2023 
[6,7].  The resulting variable costs for the coal and gas plant are $29.86/MWh and 
$64.56/MWh respectively.   
 
The system is solved with an AC optimal power flow (ACOPF) algorithm.  The algorithm 
minimizes the production cost for each hour by dispatching generator output to operate within 
system limits.  System limits include branch flows ratings, minimum and maximum voltage 
limits, power balance at each bus, and constraints on generator power levels.  For the case 
with power flow controllers, the OPF dispatches both the generators and the power flow 
controllers.   
 
Distributed series Reactors (DSRs) are the implemented power flow controller, with a rating 
of 47 µH per DSR.   DSRs are faster to deploy than other solutions, such as switchable air 
core reactors.  They also require no substation space or permitting, reducing project lead-time 
and project cost.  Each DSR is bi-modal, injecting 47 µH in series with the line when 
dispatched or a negligible inductance when not dispatched.  If one DSR is deployed per phase 
per mile on a typical 138 kV line, the line impedance can be controlled between 100% and 
102% of the natural line impedance.  Additional DSRs can be added to increase the control 



 

range.  The power flow controllers were sited by manual inspection on the second branch 
connecting Bus 2 and Bus 3.  The number of power flow controllers was determined 
iteratively to maximize the production cost savings. 
 
The annualized production costs are generated by scaling the two-week production costs. 
 
RESULTS 
 
For each case, the simulation time was less than 10 s or less than 30 ms per time step.  Figure 
1 shows operation of the system at peak load without power flow controllers.  Figure 2 shows 
the operation of the system at peak load with power flow controllers.  Both figures display the 
locational marginal price (LMP) of each bus.  The contour map displays the gradient of LMPs 
across the system.  Figure 3 shows the legend for the contour maps.  Total production cost is 
displayed in terms of $/hr.  In Figure 2, the icon on the second circuit connecting Bus 2 to Bus 
3 represents the utilization of the DSRs.  The numerical values adjacent to the icon indicate 
the number of installed DSRs per phase and the number of dispatched DSRs per phase.  Note 
that the output of the high-cost generator at Bus 2 is decreased in the case with power flow 
controllers, resulting in a lower system production cost. 
 
The resulting annualized operation costs are displayed in Table 1.   
 

 
Figure 1 : Dispatch at the annual peak load hour for the case without power flow controllers 

 



 

 
Figure 2 : Dispatch at the annual peak load hour for the case with power flow controllers 

 

 
Figure 3 : Legend for the LMP contour maps 

 

 
Table 1 : Annual production costs for both cases 

Case 

Annual 
Production Cost 

Annual Production Cost Savings Relative to 
the Case w/o Power Flow Controllers 

$M $M Percentage 

Without Power Flow 
Controllers 

125.12 0 0 

With Power Flow 
Controllers 

123.68 1.44 1.15 

 
 
A cost-benefit analysis was performed based on the annual production cost savings.  The 
analysis evaluated benefits over the 20 year life of the power flow controllers assuming 
inflation of 2% per year and a discount rate of 10% per year.  Load and generation were 
considered unchanged over the analysis period.  The overall benefit-to-cost ratio is 3.07.  
Discounted benefits exceed discounted costs in year four of the project. 
 
DISCUSSION 
 
Fuel prices, economic growth rates, environmental regulations, and regulation increase the 
uncertainty of investments in the US electric sector.  As such, projects with low benefit-to-
cost ratios or long payback periods may be difficult to realize.  Given the uncertainty, some 



 

ISOs and RTOs use a 5-10 year period to evaluate economic projects.  At the same time, the 
ability of some utilities to deploy capital is limited, given revenue decoupling, rate indexation, 
and rate freezes.  Solutions that are both quick to deploy and have short payback periods 
allow utilities to realize projects to reduce congestion, thereby reducing consumer cost. 
 
Over time, congestion problems may become reliability problems.  In the demonstration 
system, if loading increases without a corresponding increase in local generation capacity, the 
power flow control solution will decrease the amount of investment required to maintain 
reliability.  These reliability benefits were not accounted for in the analysis.  
 
Further, because of the uncertainties, the flexibility to increase asset utilization even after a 
project is implemented may provide benefits.  For example, an existing generation resource 
may be shut down or a new resource may be added in a location that was not anticipated when 
investment decisions were made.  The DSR fleet can be controlled to accommodate resource 
changes or be moved to a location of greater need.  These benefits were also not accounted for 
in the analysis. 
 
CONCLUSIONS 

 
Utilities are facing increased uncertainty and regulatory challenges.  This paper has 
demonstrated that a solution including power flow control can provide a short payback period.  
Such solutions can improve the flexibility of utilities subject to revenue decoupling, rate 
indexation, or rate freezes. 
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