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ABSTRACT 
Methods and tools to automate of the distribution planning 
process are increasing in response to the complexity of 
emerging issues as well as new mitigation measures.  A 
process to automate the identification and assessment of 
viable planning alternative solutions, considering a 
variety of conventional and unconventional means, and the 
optimization of the resulting plans over a multi-year 
planning period is envisioned to address the emerging 
planning needs. This paper describes each element of a 
proposed tool that will implement this process. 

INTRODUCTION 

Why Automated Distribution Planning? 
Historically, distribution planning sought solutions to 
technical problems using traditional distribution 
alternatives (such as load transfers and asset upgrades) and 
selected among them to minimize cost. The resulting 
expansion and upgrade projects often provided headroom 
to allow for years of additional growth. Additionally, lead-
time requirements for distribution expansion were 
relatively short compared with those of transmission and 
integrated resources planning horizons. However, longer 
distribution planning horizons may be necessary to support 
fully integrated system planning across all system levels.   
 
Distribution planning involves multiple steps. When 
planning traditional passive distribution systems, these 
steps could often be performed on a manual basis using 
well engineered methods and assumptions. The more 
active distribution system of today, however, introduces 
new dynamics and assessment requirements that are not 
sufficiently addressed through traditional assessments [1]. 
Additionally, while the overall planning process is not 
expected to change, new and more complex assessments 
and evaluations will be needed to address new system and 
resource characteristics as well as account for new 
planning objectives and requirements [2] 
 
New alternatives add complexity to planning 
Distributed generation and storage devices introduce new 
dynamics that demand new models and methods for 
distribution planning. Transactive, responsive load devices 
also promise to increase planning complexity. These 
technologies may be deployed as non-wires alternatives by 
the distribution utility, but they may also be installed by 
customers potentially requiring system improvements to 
accommodate these resources.  

 
As new resources are interconnected to the system and the 
proliferation of distribution expansion alternatives 
continues to introduce new complexities and dynamic 
system behaviors, manual assessment and evaluation 
practices will become increasingly unmanageable in any 
reasonable fashion. Additionally, planners will need the 
ability to easily and effectively compare traditional and 
non-traditional planning alternatives on an equivalent 
technical and economic basis. 
 
New possibilities for distribution equipment or distribution 
operation, including services from customer-owned DER, 
can multiply the number of alternative future possibilities 
to an extent unmanageable with manual processes, 
especially if uncertainties in loads and DER are 
considered. Further complexity is added when considering 
that the costs of various hardware solutions may have 
widely different trajectories over time. The cost of electric 
storage and solar photovoltaics are expected to continue 
declining significantly in price, while the cost of 
conventional distribution equipment is much more stable 
in real terms. Further, the useful lifetimes of the 
alternatives differ, with power-electronic and battery 
components having significantly shorter lifetimes than 
conventional equipment. Methods for economic analysis 
can deal with these differences, but a variety of cost-
escalation paths can render counterintuitive results. 
Planning methods must evolve to deal with this wide range 
of possible load patterns and various DER alternatives, in 
addition to the various traditional mitigating options.  

Overview of Proposed Automation Tool 
The tool proposed here aims to deal with many of these 
issues by automating the process of establishing 
alternative solutions to distribution-system needs over a 
multi-year planning period and estimating optimal 
pathways through the solution space. The tool may focus 
the analysis on a single feeder or on systems of feeders. 
Additionally, the tool will assess and evaluate both 
traditional solutions (such as reconductoring and load 
transfers) as well as non-traditional solutions (such as 
storage and PV). By designing the tool with modularity in 
mind, new alternative types and different design logic can 
be quickly implemented. The final outcome from the 
analysis will include a list of optimal decision pathways 
across all the alternatives, each terminating at a unique 
end-year solution.  
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How will it work? 
The process depicted in Figure 1 describes a combination 
of manual and automated processes. The process does not 
replace engineers or obviate any needs for engineering 
practice. Rather, it guides the engineer systematically 
through population of the solution space – a full set of 
viable states for each year of the study period – following 
with an optimization procedure employing dynamic 
programing.  
 
The first step of the process is for the planner to define the 
study to be performed. This includes the specification of 
study area bounds  and selection of alternatives to consider 
in the study. A forecast of load and DER profiles over the 
study period of interest is also needed for the study area. 
These profiles must be sufficient to fully assess both 
system and new-resource performance. Additionally, the 
assumed planning horizon, in years, must be sufficient to 
accommodate novel solutions and to allow for costs of 
alternatives to change in relative terms, which can affect 
the optimization. Long-term load forecasts at the 
distribution level may be highly uncertain, but the process 
and tool may help to facilitate scenario analysis that can 
study the impacts of various uncertain parameters. 
 
The next two steps are performed through a sequential 
process for each year to establish the solution space over 
the full study period. This begins through the automated 
assessment of the system to identify any system violations 
requiring mitigation. These assessments, as well as the 
subsequent steps, utilize the quasi-static time series 
(QSTS) capabilities of OpenDSS to identify violations of 
interest and relevant temporal characteristics. If any 
violations are determined, the automated process identifies 
potential alternatives – using logic specific to each 
alternative type – and performs additional simulations to 
test the validity of each identified alternative in resolving 
the violations. Only alternatives that are confirmed as 
technically feasible are retained. Combinations of different 
alternatives may also occur as violations arise in 
subsequent years.  

The emphasis at this point is neither to select the optimal 
combination of mitigation means nor to establish their 
optimal time of installation; the search for optimal paths 
will occur in a later step. Rather, this step establishes the 
range of alternatives that resolve each year’s violations in 
various sizes and combinations. Naturally, the more 
alterative types and options are considered the more 
potential alternatives will be identified for each violation. 
Consequently, the combinatorics may result in an overall 
solution space that is too large for practical computation, 
so heuristics will be applied to limit the space of possibility 
over the course of the study period. 
 
Economic analysis begins with valuation of all the 
identified alternatives in terms of their operating costs and 
benefits, incorporating forecasts of any important market-
price signals or system marginal costs over the study 
period. Economically significant quantities such as losses 
must be estimated for the complete year, requiring some 
estimation outside of the circuit model if all hours of the 
year are not modeled. Similarly, the cost of storage as a 
distribution alternative may be reduced or overcome by 
stacking possible non-distribution uses of the device, such 
as ancillary services, and these should be estimated for a 
full year. Other benefits such as carbon emissions 
displacement or renewable credits can be evaluated and 
added in for each alternative. The results of this step are 
estimates of total operating costs. Like before, there is not 
yet any connection made between alternatives within a 
year or year over year.  
 
In the final step, a dynamic programming algorithm steps 
through time evaluating the construction costs of each 
alternative at each valid transition from one year to the 
next, and accumulates these costs along with the 
operational costs and/or benefits. This process grows a set 
of optimal paths that will terminate at each of the valid 
alternative-sets in the final study year. Economic myopia 
is treated by extending the final-alternative-set’s revenue 
requirements, including the operational costs and benefits, 
into the long term. The results will reflect the changing 

Figure 1 – Steps to the proposed automated planning and alternative optimization tool 
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economics of the various alternatives as their relative 
prices change over time, and the total costs of each path 
are available for inspection.  
 
A tool of this type can be used to examine the medium-
term impacts of various uncertain planning path 
parameters such as the path of load growth, the escalations 
of distributed resources costs, or even various planning 
criteria or guidelines. The tool will be developed first with 
some limitations that can be relaxed over time as 
experience and learnings accumulate.  

STEPS IN THE PROCESS 

Defining the Solution Space 
Creating the list of valid alternatives across the study 
period is not a simple process of combinatorics. The 
alternatives differ by type, size, and location, and their 
impact on violations differ. In addition, if the study area is 
composed of multiple feeders with potential load-transfer 
options, then the process is complicated by possible 
changes in topology.  
 
Each alternative-set can be represented by a vector of 
state variables that correspond to features of the system 
that can change during the study period. A viable 
alternative-set is one that resolves all violations in that 
year. The collection of all viable alternative-sets is referred 
to as the solution space, as imagined in Figure 2. 
 

 
Figure 2 – Each alternative-set in the solution space is a viable 
solution to all system violations in that year. 

The features encoded in an alternative-set might be 
specific projects for reconductoring specific segments, for 
example, or switches that can alter the system topography. 
Some of these variables will be binary and independent. A 
specific feeder segment is either reconductored or not; its 
state variable is binary. A switch can be open or closed, 
but if it is open, another switch must be closed to keep the 
circuit energized; the switch variables are binary but not 
independent, and some rules must be enforced for an 
alternative-set to be viable. Storage can be added in 
increments, so its state variable could be the number of 
increments. However, storage projects must be specific to 

a location; each prospective storage location would have 
its own state variable.  

The process of generating viable alternative-sets for an 
entire study period can be partially automated, but user 
interaction during key steps of the process is likely 
desirable. For example, the planning may want to step 
through the process to review identified alternatives to 
decide whether any identified alternatives should be 
removed due to extraneous reasons or add manually add 
alternatives not captured by the automated analyses.  
 
Again, the objective at this stage is to generate the solution 
space of alternative-sets, not to make economic decisions. 
However, heuristics may be strategically implemented to 
reduce the solution space. For example, a low-cost load-
transfer alternative may negate the need to examine other 
alternatives. This may push these alternatives further out 
in time along with the associated economic judgments, 
where trade-offs between capital expenditures and 
operating benefits will be taken into account.  
 
If there are multiple circuits in a reconfigurable system, 
with several problems each during the study period, the 
number of alternative-sets can easily become quite large. 
Experience will likely shape the algorithms used in the tool 
for generating a reasonable solution space of alternative-
sets. The engineer would seek to create a reasonable, 
expanding tunnel of possibilities. Additionally, the 
application of screening methods and engineering 
judgment can be applied to reduce the computations 
required during periods when no system violations are 
observed or expected.  
 
The tool is not intended as a general tool for evaluating the 
economics of DER, apart from its use as a non-wires 
alternative. However, it will be able to calculate costs and 
benefits of DER and, if allowed, some solutions may 
acquire more DER than required to solve violations. 

Providing flexibility for a variety of decisions 
An optimization procedure is probably most interesting 
and useful when it has a wide variety of alternatives to 
choose from, and where the economics do not 
overwhelmingly favor one class of alternatives. Deciding 
among a menu of similar alternatives could produce plans 
that are very similar in total cost, with only minor 
variations in cost and characteristics over the set of 
alternative plans.  

SIMULATING FOR OPERATING COSTS AND 
BENEFITS 
For the optimization, each alternative-set must be 
simulated to estimate its operating costs and benefits for 
the entire year. This may require more processing than 
would be required for finding distribution violations, 
which might involve only some of the hours of a year. 
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Storage and other DER should be modeled so that the full 
year of benefits can be determined.  
 
Operating costs include all expenses, including the 
operating and maintenance (O&M) expenses for any DER 
or other new equipment added. Also, if any fueled DER is 
added, then the cost of its fuel is included here as well. 
Electrical losses can be included here, although they are 
usually a small component of distribution decisions. 
Losses can be estimated with the circuit model, of course, 
and their cost can be estimated using locational marginal 
price or system marginal cost, whichever is available. 
Operating benefits are any valuable impacts of DER 
operation. This might include the value of DER-generated 
energy, capacity, ancillary services, or emissions-offset 
value. “Stacked” benefits of storage can be evaluated with 
appropriate models that can project the use of the storage 
unit for upstream grid services while maintaining its ability 
to serve the local distribution need. 
 
For the purposes of the optimization, each alternative-set 
in each year need have one net cost/benefit figure, but the 
per-unit components that comprise the total should be kept 
distinct to allow for them to have different escalation rates. 
For instance, the marginal value of generated energy may 
have one escalation rate, while the value of regulation 
service could escalate differently. The escalation rates are 
important for calculating the annual costs and benefits for 
every alternative-set, but they are also used to extend the 
costs and benefits in perpetuity to compose the objective 
function at the end of the study period. This will be 
discussed in greater detail below.  
 
The operating costs and benefits are path-independent; 
they can be calculated for each alternative-set 
independently from the others. This is distinctly different 
from construction capital and ownership costs that are 
path-dependent, where paths are established in the 
optimization procedure. These distinctions are discussed 
further below.  

OPTIMIZATION 

Paths and Plans 
Optimization can commence when the full solution space 
of viable alternative-sets has been established, complete 
with their operating costs and benefits. The optimization 
routine will map connections between alternative-sets in 
successive years, termed “transitions,” as illustrated in 
Figure 2. A path that traces all the way from the first year 
to the end year forms a viable plan. All alternative-sets in 
the alternative-set space are viable, meaning that they 
harbor no violations, but the viability of a prospective 
transition is determined by the alternative-set it would 
come from and the alternative-set it would transitions to.  

Transitions and transition costs 
A viable transition from one alternative-set to another in 

the subsequent year is one that violates no expansion rules. 
The expansion rules would require, for instance, that no 
projects are uninstalled as we progress forward in time; a 
segment that is reconductored will remain reconductored. 
Hence, a binary state variable for the reconductor project 
transitioning from zero to one is viable, meaning that the 
project is done in that transition year. However, transitions 
from that state must go only to alternative-sets with the 
reconductor done. It’s a binary variable that can transition 
only once.  
 
It is not required that a transition makes any changes. The 
alternative-set variables could go for years with no 
changes, assuming the alternative-sets are viable (no 
violations). Any such transition from year to year that 
changes none of the state variables is a viable transition 
that carries no transition cost. Any viable transition that 
implies capital addition, whether distribution equipment or 
DER, implies what we term “transition costs.”  
 
Transition costs are associated with the capital 
investments in a transition, expressed as the long-term 
present-worth of current and future revenue requirements 
for the assets, including replacements in kind. That is, the 
transition costs, which are clearly path-dependent, are not 
single-year costs and not capital investments. Rather, it is 
as if the revenue requirements are run out over the long 
term and present-worthed. This is not done literally, it is 
done with closed-form formulas.  
 
The idea of replacement is not intended to be taken 
literally, that assets are really going to be replaced in kind 
in perpetuity. Rather, this artifice provides an efficient 
closed-form way of dealing with different asset lifetimes 
as well as different cost escalation paths, assuming the 
escalation paths are in a reasonable range below the 
discount rate. Discounting powerfully reduces the impact 
of future replacements, but this consideration of 
replacement appropriately increases the costs of assets 
with short lifetimes. But while shorter lifetimes of 
electronic equipment does make its cost impact a little 
higher, the presumable decline in cost of the replacements 
counters this trend. The optimization routine will take into 
account the falling costs of DER equipment such as 
storage, and the trade-offs between DER and traditional 
investments can shift accordingly over the period of a 
study.  

End-states 
The alternative-sets in the horizon year of the study are 
termed end-states. The optimization will find one optimal 
plan to each end-state. There may be many alternative 
paths to each end-state, but they will not be retained. 
However, it is important to remember that those alternative 
plans may differ only slightly in total cost, so the optimal 
plan to an end-state should not be considered inviolate. 
Slight shifts in installation years of various projects may 
have minor impact, for instance, and these can easily be 
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analyzed if there is need.  
 
The meaningful result is the ranking of the end states, 
which may differ in important characteristics – such as 
traditional upgrades on one extreme versus DER on the 
other.  

The Path/Plan Cost and the Objective Function 
The path cost, which may ultimately be part of an end-
state’s optimum plan, is the sum of the transition costs 
along the path plus the operating costs and benefits of all 
the alternative-sets in the path, all in common-year 
present-worth. When the path reaches an end-state, they 
can be called plan costs. Plan costs are not quite complete, 
however. The accumulated transition costs, which include 
replacements, already extend well beyond the study 
period, but the operating costs and benefits have been 
estimated only for the plan years. Adjusting for operating 
costs and benefits beyond the study period forms the 
objective function for the optimization. 
 
The objective function is the quantity on which the 
optimal plans will be ranked. The objective function for a 
plan will be its accumulated present worth of revenue 
requirements over the long term, including long-term 
operating costs and benefits. As noted, the plan cost in the 
last year already incorporates revenue requirements for the 
long term; the objective function is formed by extending 
the operating costs and benefits beyond the end of the 
study, in common-year present-worth. The method 
proposed here implicitly assumes no change in physical 
conditions beyond the study period, including changes in 
DER, load, or the circuit itself. That is, the end-state 
continues in perpetuity, with changes only in the escalation 
of the components that combine in the operating costs 
and/or benefits. This is why the various components (like 
losses, DER energy, or carbon offsets) must be kept 
separate; they may have different escalation rates, some of 
which may be negative. As before, discounting these 
figures to a common year (year zero) powerfully reduces 
these numbers to an appropriate fraction of the total plan 
cost, but any components with high positive escalation 
rates can dominate. The impact of the operating cost 
extension on the final result should be observed and 
considered for appropriateness in the escalation rates.  

Optimal paths  
The optimization procedure uses a dynamic programming 
procedure based on the work of Richard Bellman in the 
1950s, and similar to the procedure long used in generation 
planning optimization [3]. Simply stated, the procedure 
works from the beginning, finding an optimal path to each 
alternative-set/state in each year from the alternative 
alternative-sets/states in the prior year. That is, each 
alternative-set is considered in turn, and all viable 
transitions to it from the prior year are considered. The 
path costs for each viable transition determine which of the 
paths is the optimal path to that alternative set.  

 
This is illustrated in Figure 3, where three alternate paths 
to alternative-set 6 are compared in terms of path costs. 
One path is selected and retained. All year-2 alternative-
sets receive the same treatment, so that at the end of the 
year-2 stage, each year-2 alternative-set has an optimal 
path to it and a path cost associated with it. The next stage, 
year 3, will consider each alternative-set the same way, 
finding the optimal path to each one and calculating its 
path cost. The optimal paths grow in length through each 
stage, with the ultimate result being a set of end-states, 
ranked by objective function (total cost), with an optimal 
path to each end-state in the solution space. 
 

 
Figure 3 – Possible paths to alternative-set 6 are compared in 
terms of path cost. Only one path to 6 is selected and retained. 

Because non-optimal paths are discarded at each yearly 
stage, some alternative-sets fall out of further 
consideration. Alternative end-state plans may branch 
from common points in the solution space, but by virtue of 
the optimization logic, no plans will converge on a point. 
There is only one optimal path to a point, and any path 
through that point will follow that single optimal path to it.  

SUMMARY 
This paper provides a summary of a proposed tool to 
increase automation of distribution planning processes 
needed to support planners in addressing increasing 
planning complexities. As part of an ongoing project, 
EPRI is working with multiple utilities to define functional 
requirements as well as continuing the development and 
application of these tools.  
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