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Abstract: 

Distributed Generation (DG) will be an important feature of carbon mitigation policies, and 

understanding the limitations on generator investment will help form more effective policy 

options. This study explored the tradeoff between carbon dioxide emissions and the capital 

invested into DG for different climates of the United States. The multi-objective evolutionary 

algorithm Borg was combined with load and generator profiles produced by GridLab-D to 

estimate the combinations of DG that can reduce carbon emissions in the most cost effective 

ways possible. Results suggest that there are diminishing returns on DG investment, so the 

ability to reduce emissions decreases with higher investments. An interpretation of non

dominated solution sets shows that the West Coast climate should have a strong policy 

preference for solar collectors, while the Southeast Coastal climate should have a strong policy 

preference for small wind turbines. Moreover, a portfolio investment approach is preferred, but 

optimal technology combinations are potentially sensitive to changes in technology prices. This 

analysis should be repeated in greater detail and applied to a wider range of climates and 

communities. 

Introduction: 

The existing electric grid relies on centralized generation, in which coal, gas, nuclear and other 

generating units operate at a distance from points of large demand. Centralized units may have 

superior economies of scale, but they result in increased environmental harm and inefficiency, 

due to transmission line losses. Alternatively, distributed generation (DG) describes smaller 

generating units, such as solar and wind, that are imbedded in the distribution network near the 

end load. DG units can be defined as generators that output between 3 and 10 kW, and they are 

intended to supplement the existing centralized system. (Viral & Khatod, 2012) 

DG can provide several technical benefits to a network. Firstly, placing generation closer to end 

loads can reduce line losses, although this is dependent on the location and sizing of DG units. 

Additionally, total energy efficiency is increased, and the voltage stability and overall network 

security can be improved. For high DG penetration, though, technical limitations become an 

issue. The existing grid is not designed to deal with the negative power flows possible with 

localized generation, and the quality of the frequency and voltage profiles can be compromised. 

Multiple economic benefits are available over the lifetime of a DG installation. While the initial 

capital may be prohibitive, money is saved by reducing fossil fuel demand and transportation. 

Importantly, DG is able to reduce environmental pollution, and drops in carbon dioxide 

emissions and related health effects have been observed in countries where DG has been heavily 

adopted. (Viral & Khatod, 2012) 
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Traditionally, the planning of electric networks has been based on cost minimization while 
respecting the technical limitations of the system. Added social and environmental concerns now 
require a more nuanced policy approach. In the design and promotion of DG systems, several 
conflicting objectives must be considered. A 2009 study performed a multi objective analysis, 
considering the technical, economic and environmental performance of a distribution network. 
The process sought to minimize the combined investment and operation costs for DG instillation, 
to maximize the total carbon mitigated, and to minimize the power losses, subject to constraints 

describing basic grid performance in equation form. Six DG technologies were made available 
for installation, and the multi-objective problem was evaluated using a non-dominated sorting 
algorithm, a heuristic based subset of genetic optimization. The network loads were randomized 
using a Monty Carlo simulation, but the method was not applied to a real world system. 
(Zangeneh, Jadid, & Rahimi-Kian, Promotion strategy of clean technologies in distributed 
generation expansion planning, 2009) 

A similar approach was applied to optimize the placement of DG units under different network 
topologies characteristic of the Italian electric grid. The energy demand and DG production were 
modeled stochastically using representative daily load and generation curves. The associated 
emissions were estimated by assuming a fixed kg C02/kwh for each generator type, and 
technology placement was optimized according to environmental, economic and technical 

objectives, subject to the physical constraints of the system. The authors concluded that their 
method was successful and robust, but the exact policy implications of their process were not 
discussed (Celli, Mocci, Pilo, & Soma, 2008). Another study implemented a static fuzzy logic 
optimization procedure to maximize utility profitability while minimizing carbon emissions. The 
study considered a standard IEEE model, and determined both the optimal placement and size 
for a set of DG technologies, using fuzzy numbers to account for unknown parameters 
(Zangeneh, Jadid, & Rahimi-Kian, 2011). 

Quantifying the impacts of distributed generation requires an accurate understanding of 
distribution network performance. Historically, the majority of grid modeling has focused on the 
transmission network to support centralized generation planning. Transmission models are 
reasonably accurate, but cannot be translated directly to the distribution network, due to phase 
imbalances and other irregularities typical to the distribution side. The US Department of Energy 

has developed GridLab-D, a flexible, open source program for simulating the distributed electric 
grid that can be used in predicting the impact of DG. 

Past research has incorporated GridLab-D with optimization procedures to improve aspects of 
theoretical grid performance. Recent work considered patterns of electrical vehicle charging by 
running month long simulations of an artificial community in GridLab-D. The simulations were 
incorporated into an evolutionary optimization algorithm, which generated alternative demand 
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response programs as it pursued the separate objectives of maximizing the charge of vehicles 

before departure and minimizing the overlap of charging periods. The process ran for only 300 

iterations, but it still provided general policy recommendations for vehicle charging regulation. 

(Galvan-Lopez, Taylor, Clarke, & Cahill, 2014) 

Although previous research has proposed successful algorithms for selecting DG technology, the 

exact policy implications of these procedures is unclear. As part of the Swarthmore College 

Senior Engineering Design course, this project was designed to explore the natural tradeoff 

between amounts of carbon mitigated by DG technology and the capital investment required for 

renovating the distribution network. Reducing the available capital limits the potential reduction 

in carbon emissions, and defining this tradeoff could help reveal investment policies for 

achieving the most out of DG technology. Specifically, by considering representative 

communities from different regions, this report will explore how tradeoffs and underlining 

solutions vary according to location and available technology prices. 

Theory: 

Gridlab-D is an openware program for modeling the distribution network, developed by 

researchers at Pacific Northwest National Laboratory. Grid components are described with 

multiple differential equations, and an advanced algorithm simultaneously evaluates performance 

at points throughout the network, allowing researchers to consider the dynamic interplay 

between elements. Model declaration involves defining a series of link and node objects in a 

GridLab Model (glm) file, and the voltage at the nodes and current through the links are found 

by evaluating ajacobian matrix. Gridlab-D can run under different time resolutions, but the 

default 60 second interval is recommended. 

Modules are included with Gridlab-D to expand model capability. The Generators Module 

allows for distributed generators to be incorporated with the network, although several of the 

provided model components are still experimental or undocumented. A DG unit is introduced as 

a node that is parented to a network meter; in the case of wind turbines and batteries, the models 

are designed so as to be connected directly with a meter, but the solar collector model requires an 

intermediate connection with an inverter. GridLab-D models DG units as negative loads on the 

system, so it is possible to experience reverse power flow if excess generation occurs. A user can 

provide parameters to describe different technology features, but reasonable defaults are 

preprogrammed. 

Additionally, the climate module allows for a weather data file to drive the model behavior 

according to the time of day and year. The line losses adjust according to the ambient 

temperature, and house objects can respond to light and temperature conditions. If a wind or 

solar unit is added, then the wind speed and solar radiation data is used to determine the 
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generator output. GridLab-D includes tmy2 weather files for major US cities, and this is the basis 

for fixing a model to a general location. 

GridLab-D was used as part of the Department of Energy's Sustainable Grid Initiative Grant 

(SGIG), which explored the impact of emerging technologies on grid performance. As part of a 

2012 publication, the project considered the relative impact of DG on different segments of the 

United States. The continental US was divided into five climate regions, and existing utility 

models for actual distribution networks were gathered for each region. Using a statistical 

analysis, the most representative utility models from each region were selected and converted 

into glm files. The SGIG report proceeded to use these models for quantifying the change in 

peak demand, voltage profiles and other features after adding DG units; however, only small 

levels of penetration were considered, and technologies were taken separately. The 

representative distribution models have been made publicly available and have been incorporated 

into this project. (Singh & Vyakaranam, 2012) 

The available SGIG models are based on static loads, and so lack dimensionality beyond basic 

weather effects on line losses and renewable generation. The flat load profiles must be revised 

for the models to become meaningful. The GLD team has developed methods for directly 

replacing static loads in model files with houses, appliances and other dynamic load objects, 

which create a more realistic behavior. A glm file can be parsed using a publicly available 

MATLAB script that locates loads in the system. According to the size of individual loads, as 

well as available data on regional housing, code describing detailed components is substituted in 

place of original loads. This technique has been used in DOE reports and is widely accepted. 

Unfortunately, due to discontinuities in nominal voltages created when adding additional objects, 

models revised by this procedure cannot run on recent GLD releases. (Singh & Vyakaranam, 

2012) 

An alternative method was developed by Anderson Hoke of the National Renewable Energy 

Laboratory. Rather than replacing the model loads directly, a series of external data files are 

provided to drive the load objects. For each of the load points in an SGIG model, utility load data 

from a distribution feeder within the climate region was gathered, the power demand over each 

hour of a year was averaged, and the load profile was scaled and randomized (Hoke, Butler, 

Hambrick, & Kroposki, 2012). These load profiles can then drive the real power component of a 

load object by introducing a player, a feature of GridLab-D for importing formatted time series 

data. 

Several past publications on renewable generation investment optimization have estimated the 

resulting environmental benefits by assuming constant carbon intensity for electricity. 

Regardless of the time and magnitude of DG generation, the carbon mitigated is calculated as a 

multiple of the total energy generated. This method fails to consider the dynamic behavior of 
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centralized generation, which causes the carbon intensity of electricity to be inconstant. 

Generally, the most efficient and inexpensive generating units are operated continuously to 

satisfy the base load, and the less efficient, more polluting units are brought online intermittently 

to satisfy the remaining load. Consequently, electricity consumed at the time of peak demand 

will typically be more carbon intense relative to electricity consumed at off hours (Singh & 

Vyakaranarn, 2012). To estimate carbon emissions more accurately, an improved model of the 

centralized generator dispatch process is advised. 

The application of multi-objective optimization to electric grid investment is valuable, because it 

avoids a false monetization of carbon emissions and other parameters, and it allows the 

researcher to compare solutions more objectively. A variety of multi-objective optimization 

engines are available, but the Borg MOEA from Penn State University was selected for this 

study, due to its recognized versatility. Borg mathematically implements the theory of natural 

selection to evolve a population of solutions and estimate the set of non-dominated solutions. 

The process begins by generating a random population, evaluating the fitness of population 

members, and then archiving the non-dominated solutions. Existing non-dominated solutions are 

referenced to form new population members that demonstrate even greater fitness. The solution 

archive is constantly updated, and the population undergoes occasional restarts to introduce 

added diversity. Rather than implementing one evolutionary algorithm, Borg alternates between 

six available methods, which each combine or mutate previous solutions to expand the 

population. The method for selecting a new solution is based on the success of methods on 

previous iterations. (Hadka & Reed, 2014) 

Methods: 

An optimization process for DG investment was developed by combining existing programs in a 

unique arrangement. Access to the Borg MOEA was obtained with permission by Dr. Patrick 

Reed of Cornell University, one of the engine's lead developers. The available license could only 

evaluate using cereal iteration, which proved to be computationally limiting. While a 

parallelizable version has been created, this option was not pursued, due to project time 

constraints. Additionally, a free copy of GridLab-D Version 3.1 - released in 2014 - was 

downloaded free of charge from Source Forge. These separate tools were integrated by creating 

supplementary programs in python. 

The first task was implementing a method for estimating the C02 emissions attributable to the 

electricity demands of a modeled community. While GridLab-D includes an emissions module, 

this method is still experimental and was found to output illogical results. Therefore, an 

emissions calculator method was implemented externally in python; the power demand as a 

function of time for a model is output to a data file by placing a meter at the head of the modeled 
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system, and the resulting load curve is analyzed by the emissions method. Data from the Energy 

Information Agency on average fuel mix and dispatch order by location was loaded into python, 

with a separate class defined for each of six available fuels. The load curve time series was 

divided into 15 minute intervals, and the energy consumed over each interval was calculated. 

Then, the peak IS-minute energy demand for each month was located, and the modeled energy 

portfolio was scaled to meet this demand exactly, such that fuels were dispatched at this time 

according to the average proportion of the regional fuel mix. At off hours, when the IS-minute 

energy demand was less than the peak, the required fuel mix was determined by systematically 

reducing the need for fuels that came last in the regional dispatch order until the current demand 

was met exactly. While the use of average portfolio data is overly simplifying, this approach 

captures the relative differences in the energy fuel mix for peak and off peak demands, allowing 

for base fuel sources to run near full capacity at all times, and introducing variability to the 

peaking fuel sources. Once the need for certain fuels were known, finding the associated carbon 

emissions involved scaling the energy requirements by the energy density and carbon intensity. 

The regional energy portfolio was determined by month for the case of no added DG, and this 

arrangement was translated onto simulations including DG. Rather than assuming that the energy 

infrastructure was rescaled to meet the new conditions, the procedure reduces the demand for 

available energy resources. Since the fuel mix responds directly to the modeled community, this 

method assumes that neighboring communities being served by the same central energy supplies 

are also undertaking similar investments. The intermittency of wind and solar energy may 

require that fuels that can respond quickly to drops in supply, such as natural gas, be kept in the 

energy mix, but this possability has been ignored for now. 

The original procedure was to combine Borg and GridLab-D directly, with the Borg output 

dictating how a GridLab-D model should be modified. Borg was run alongside a python script, 

which read the output from Borg through the standard input. With every iteration of Borg, a 

separate number between zero and unity was given for each DG technology available for 

addition to the model. This ratio was multiplied by the total number of technology units that 

could be added to determine the number that should be introduced. The original model file was 

parsed to locate potential technology sites, and DG units were randomly assigned and written in 

as part of a new model file. The new model was run with GridLab-D from the command line, 

and the feeder load data was output for analysis. Finally, the calculated capital investment and 

carbon emissions were returned to Borg, and the process repeated until Borg reached a necessary 

number of function evaluations. 

Since the provided SGIG models came with static loads, modification of these files was needed 

to obtain meaningful results. Initially, the SGIG models were processed using the DOE 

MATLAB functions, which returned highly detailed models specific to the known climate 

region. However, this added detail also increased the computation time, so that simulating just 
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one complete day could take over 100 seconds. Additionally, the model could only run on 

Version 2.3 ofGridLab-D, due to coding irregularities introduced by the MATLAB process that 

could not be handled by later GridLab-D releases. It was found that the battery and wind models, 

which are fully defined in Version 3.1, could not run as expected in 2.3. Due to both the time and 

model capability issues, this approach was discarded. 

Instead, the randomized, hourly load curves developed by NREL were incorporated with the 

SGIG models. Although the load data was publicly available, the information was strangely 

formatted, and no examples of how to use the data were given. Andy Hoke, who developed the 

load data, generously shared an example model file that used the load data, and this served as a 

template for model development. For every residential and commercial load in the SGIG models, 

a corresponding load curve was provided in a large csv file. Python functions were developed to 

identify loads in the model files, format the matching load data in a unique csv file, and then 

drive the real component of the load with a player that referenced the csv file. Importantly, the 

start time of the model had to fall within the dates of the load file, or else the simulation would 

have returned to its static loads. 

The load driven method had several unwanted consequences. Since the method assumes a 

constant load over each hour, the model resolution was significantly reduced. Also, the load 

profile no longer resembled that from the highly detailed models, so it was not possible to state 

how many residencies there were in the model that could receive DG technology. However, the 

method did allow models to run in Version 3.1, and the run time for one day of simulation was 

reduced to near 30 seconds. 

Combining this modified procedure with Borg was still problematic. For each iteration of Borg, 

The model file with technology units added was evaluated for the first day of each month in a 

representative year, and the carbon emissions for these twelve simulations were scaled to 

estimate emissions over the entire year. The variability of wind speeds and solar radiation over a 

month made this sampling method dubious, but running the simulation for an entire year with 

each iteration would have been computationally unreasonable. 

It was thought that transferring this process to a high computing resource could allow for 

improved simulation accuracy without a corresponding increase in run time. Swarthmore College 

has an account with the Extreme Science and Engineering Discovery Environment (XSEDE), a 

collaboration of academic supercomputing resources available for student research. A folder was 

created with the Stampede supercomputer, and attempts at parallelization were made. GridLab-D 

advertises that it can be used with multi-threading; however, this feature is still experimental and 

only works with select model components, and so the computation rate for a single GridLab-D 

run could not be improved. Therefore, a process was developed for dividing a yearlong 

simulation by months, and all month long simulations were run together in parallel. Although 
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this reduced the run time considerably, there were difficulties in running multiple glm files 

simultaneously, and the outputs did not agree with non-parallelized simulations. With extra 

research time, these problems could have been explored and possibly resolved, but scheduling 

constraints demanded that another method be developed. 

Rather than running GridLab-D for every iteration of Borg, The change in the load curves was 

approximated based on previous model outputs. First, the models were run for an entire year 

with no DG technology included. The simulation was then repeated for multiple runs, with a 

single unit of a given DG technology added at a randomly selected load. By comparing the load 

profile of the simulation with no added technology against the profile for the simulation with a 

generator added, the impact of that generator could be determined. A generator profile was 

defined over the entire year by taking the difference of the two simulations. Borg then handled 

this information to approximate the load curves that would result from adding nj units of 

generator j; The original load curve was summed with the generator load curve for generator 

type j, scaled by factor nj across all j. The resulting, approximate load curve was analyzed, and 

the carbon emissions and capital were returned to Borg. Borg was set to run for 3,000 function 

evaluations, and the optimization process took an hour and half to complete for most problems. 

To maintain a reasonable problem size, only three climate regions and three DG technologies 

were considered. One representative SGrG model was selected from the West Coast climate, 

which is temperate and uses San Francisco as its weather source, the Southeast Central climate, 

which can be both hot and cold and uses Nashville as its weather source, and the Southeast 

Coastal climate, which can be hot and humid and uses Tampa Bay as its weather source. These 

particular climates were selected so as to contrast one faraway region against two regions that are 

close in geography but climatically distinct. For each region, the addition of solar collectors, 

wind turbines, and battery storage were considered. The PV solar collector was modeled as 

having an area of 250 fF and being made of single crystal silicon, and it was paired with an 

inverter that is 90% efficient; This combination was estimated as costing $7,000 per installation 

based on market prices for PV panels, although this estimation could be unreasonably low for 

some locations. The wind turbine was modeled as a small 10 kw unit from Bergey, which 

manufactures turbines for residential use that are implemented in GridLab-D; according to 

literature from Bergey, this technology consistently costs $48,000 per installation. Lastly, the 

battery was modeled as having 50 kwh of available storage, and was assumed to be a lithium ion 

unit with default charging efficiencies provided by GridLab-D. An analysis from the Department 

of Energy suggests that residential battery storage costs between $200 and $300 per kwh of 

storage, and so the battery model was assumed to cost $15,000 for each installation. The battery 

charge cycle was driven by a schedule suggested by GridLab-D, which has the battery discharge 

at hours when peak demand would normally occur, and charge during hours when lower 

demands would typically occur. 
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For the initial analysis, the DG technologies where kept at their default prices, and up to 500 of 

any technology could be included in a solution. The Borg process was applied to SGIG 

representative model 4 from Climate Region 1, model 2 from Climate Region 4, and model 2 

from Climate Region 5. These models were chosen partly due to limitations on the available 

hourly load data. After the Borg process was performed for the three climate regions, a crude 

sensitivity analysis was attempted to understand the impact of technology prices. First the price 

of wind was reduced to $40,000 per unit, and then to $30,000 per unit. Next, the price of solar 

was reduced to $6,000 per unit, and then to $4,000 per unit. A more comprehensive range of 

pricing alternatives would have been preferred, but research time was limited. This analysis is 

meant to illustrate how investment decisions could be impacted as the relative prices of batteries 

and solar shift in the market. 

While previous research has considered utility profits or electric bills in addition to capital 

investment, this study chose to limit the financial calculation to capital alone. As higher 

investments are made, bulk pricing options could become available, or the price of technology 

might fall due to large demand, but these pricing irregularities were ignored. Future research 

could consider economics in more detail, but this study set out to understand only the general 

impact of investment. 

Results: 

The tradeoff between Carbon emission reductions and capital investment associated with 

distributed generation investment was compared for three climate regions in the United States by 

combining the Borg MOEA with load curve results from GridLab-D. For each region, and for 

different pricing structures, the tradeoff was found to follow an exponential decay pattern, with 

higher levels of capital achieving diminishing levels of carbon reduction. The exact relationship 

of these tradeoffs, as well as the underlining investment decisions, though, can vary noticeably 

between simulations. 

Climate Region 1: Default Technology Pricing 

The 2012 SGIG report defines the West Coast, temperate climate as Region 1, and the climate 

data for San Francisco, California is used to represent the area's weather patterns. Without added 

DGtechnology, the modeled community releases $727l08.46lbs. C02 annually. The pare to 

front gives the tradeoff between carbon emissions and capital investment, and the plot shows a 

steep initial reduction in C02, but the slope is nearly 1110 of the original after all investments are 

made (Figurel, Table 1). Some of the solutions Borg suggests are in the non-dominated set are 

found to be sub-optimal. For example, Borg proposes investing into six batteries with no solar or 

wind, which costs $90,000; however, this solution is calculated as having an annual emission of 
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7736159.06 Ibs., which is greater than the initial value, so this is a cOllllterprociuctive investment. 

The Solution space shows that battery investment generally clusters around zero, with some 

variations (Figure 2, Figure 4, Figure 5). In the plot of wind turbine against solar collector 
investment, two clusters appear - one in the lower left comer, the other in the upper right -

cOIlllected by a near horizontal scattering of points. \Vhile imprecise, these clusters can be 

approximated with basic geometric shapes. The lower left cluster forms an approximate 

trapezoid, ranging up to 100 wind turbines, reaching out to 100 solar collectors on its bottom side 

and slanting out to 200 solar collectors on the top side. The upper right cluster forms an 

approximate right triangle, ranging from 400 solar collectors and 100 wind turbines on the left of 

the horizontal leg, and reaching 500 units of both at its peak. (Figure 3) 
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Figure 1: Borg approximation of the Pareto Front for Climate Region 1, with solar capital = 

$7,000/unit, wind capital ~ $48,000/unit, and battery capital ~ $15,000/unit 

Start End Interval 
Interval Interval Slope 
($) ($) (lbs. 

C02/$ 
Capital) 

90000 4741000 -0.6058 
4748000 6132000 -0.42015 
6180000 7620000 -0.33521 
7626000 11704000 -0.21217 
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1173800027470000 -0.06685 
Table 1: Slopes of segments fmmd along the Borg approximation ofthe Pareto Front for Climate 
Region 1, with solar capital ~ $7,000/unit, wind capital ~ $48,000/unit, and battery capital ~ 

$15,000/unit. 
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Figure 2: Plot ofthe multi-dimensional solution space corresponding to the Borg approximation 
ofthe Pareto Front for Climate Region 1, with solar capital ~ $7,000/unit, wind capital ~ 
$48,000/unit, and battery capital ~ $15,000/unit. 
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Figure 3: Projection of the complete solution space onto the wind V solar plane for the Borg 

approximation of the Pareto Front for Climate Region 1, with solar capital = $7,OOO/unit, wind 
capital ~ $48,OOO/unit, and battery capital ~ $IS,OOO/unit 
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Figure 4: Proj ection of the complete solution space onto the wind V battery plane for the Borg 

approximation of the Pareto Front for Climate Region 1, with solar capital = $7,OOO/unit, wind 
capital ~ $48,OOO/unit, and battery capital ~ $IS,OOO/unit 
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Figure 5: Projection of the complete solution space onto the solar V Battery plane for the Borg 
approximation of the Pareto Front for Climate Region I, with solar capital ~ $7,000/unit, wind 
capital ~ $48,000/unit, and battery capital ~ $15,000/unit 

Climate Region I: Wind capital Reduced to $40,000IUnit: 

Reducing the price of wind causes the pareto front to achieve a faster descent, although the 
difference is not noticeable (Figure 6, Table 2). The battery investment still clusters around 
zero, regardless of the projection taken (Figure 7, Figure 9, Figure 10). A similar, two cluster 

phenomenon is seen in the wind verses solar comparison. The lower left cluster forms an 
approximate rectangle, ranging up to 100 wind turbines, and ranging out to 100 solar collectors. 
The upper right cluster forms an approximate right triangle, ranging from 400 solar collectors 
and 100 wind turbines on the left of the horizontal leg, and reaching 500 units of both at its peak 

(Figure 8) 
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Figure 6: Borg approximation of the Pareto Front for Climate Region 1, with solar capital ~ 

$7,000Iunit, wind capital ~ $40,000Iunit, and battery capital ~ $15,000Iunit 

Interval Slope 
End Interval (lbs. C02/$ 

Start Interval ($) ($) Capital) 
98000 4937000 -0.66021 

4939000 6258000 -0.37548 
6273000 7552000 -0.30864 
7553000 11263000 -0.196 

11264000 23155000 -0.07223 
Table 2: Slopes of segments found along the Borg approximation of the Pareto Front for Climate 

Region 1, with solar capital ~ $7,000Iunit, wind capital ~ $40,000Iunit, and battery capital ~ 

$15,000Iunit 
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Figure 7: Plot of the multi -dimensional solution space corresponding to the Borg approximation 
of the Pareto Front for Climate Region 1, with solar capital = $7,OOO/unit, wind capital = 

$40,OOO/unit, and battery capital ~ $IS,OOO/unit 
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Figure 8: Projection of the complete solution space onto the wind V solar plane for the Borg 
approximation of the Pareto Front for Climate Region 1, with solar capital = $7,OOO/unit, wind 
capital ~ $40,OOO/unit, and battery capital ~ $IS,OOO/unit 
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Figure 9: Projection of the complete solution space onto the wind V battery plane for the Borg 

approximation of the Pareto Front for Climate Region 1, with solar capital = $7,OOO/unit, wind 
capital ~ $40,OOO/unit, and battery capital ~ $IS,OOO/unit 
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Figure 10: Projection ofthe complete solution space onto the solar V Battery plane for the Borg 
approximation ofthe Pareto Front for Climate Region 1, with solar capital ~ $7,000/unit, wind 
capital ~ $40,000/unit, and battery capital ~ $IS,OOO/unit. 

Climate Region 1: Wind Capital Reduced to $30,000/Unit: 

Reducing the price of wind further causes the pareto front to achieve a slightly faster descent, 
and the difference is more noticeable than before (Figure 11, Table 3). The battery investment 
still clusters around zero, regardless ofthe projection taken (Figure 12, Figure 14, Figure 15). 
In the projection of wind verses solar investment, the lower left cluster forms an approximate 
rectangle, ranging up to 130 wind turbines, and reaching out to 7S solar collectors. The upper 
right cluster forms an approximate right triangle, ranging from 400 solar collectors and 130 wind 
turbines on the left ofthe horizontal leg, and reaching SOO units of both at its peak. (Figure 13) 
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Figure 11: Borg approximation ofthe Pareto Front for Climate Region 1, with solar capital ~ 
$7,000/unit, wind capital ~ $30,000/unit, and battery capital ~ $IS,OOO/unit. 

End Interval Interval Slope (lbs. 
Start Interval ($) ($) C02/$ Capital) 

363000 4708000 -0.73999 
4710000 6066000 -0.32674 
6101000 7431000 -0.2777 
7466000 10S21000 -0.20917 

10S66000 18112000 -0.08261 
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Table 3: Slopes of segments found along the Borg approximation ofthe Pareto Front for Climate 
Region I , with solar capital ~ $7,OOO/unit, wind capital ~ $30,OOO/unit, and battery capital ~ 

$15,OOO/unit 
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Figure 12: Plot ofthe multi-dimensional solution space corresponding to the Borg 

approximation ofthe Pareto Front for Climate Region I, with solar capital ~ $7,OOO/unit, wind 

capital ~ $30,OOO/unit, and battery capital ~ $15,OOO/unit 
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Figure 13: Projection ofthe complete solution space onto the wind V solar plane for the Borg 
approximation ofthe Pareto Front for Climate Region I, with solar capital ~ $7,OOO/unit, wind 
capital ~ $30,OOO/unit, and battery capital ~ $IS,OOO/unit. 
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Figure 14: Projection ofthe complete solution space onto the wind V battery plane for the Borg 
approximation ofthe Pareto Front for Climate Region I, with solar capital ~ $7,OOO/unit, wind 
capital ~ $30,OOO/unit, and battery capital ~ $IS,OOO/unit. 
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Figure 15: Projection of the complete solution space onto the solar V Battery plane for the Borg 

approximation of the Pareto Front for Climate Region 1, with solar capital = $7,OOO/mrit, wind 

capital ~ $30,000/unit, and battery capital ~ $15,000/unit 

Climate Region I: Solar Capital Reduced to $6,000IUnit 

Reducing the price of solar causes the pareto front to achieve a faster descent, although the 

difference is not noticeable (Figure 16, Table 4). The battery investment still clusters 

arOlllld zero, regardless of the projection taken (Figure 17, Figure 19, Figure 20). In the 

plot of wind verses solar investment, there is now only one extended shape. First there is 

an approximate rectangle, ranging from 0 to 80 wind turbines, and from 0 to 450 solar 

collectors. Past 450 solar collectors, the scattering extends upward, fonning a triangle, 

with the point of 500 solar collectors and 500 wind turbines as its upper vertex. (Figure 

18) 
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Figure 16: Borg approximation of the Pareto Front for Climate Region 1, with solar capital = 

$6,000/uni~ wind capital ~ $48,000/uni~ and battery capital ~ $15,000/unit. 

StartInterval ($) 
15000 

3432000 

End 
Interval 
($) 

3408000 
5271000 

Interval Slope (lbs. 
C02/$ Capital) 

-0.64024 
-0.51041 



5280000 
6942000 

12054000 

6936000 
12036000 
26952000 
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-0.40335 
-0.19879 
-006036 

Table 4: Slopes of segments found along the Borg approximation of the Pareto Front for Climate 
Region I, with solar capital ~ $6,000/unit, wind capital ~ $48,000/uni~ and battery capital ~ 

$15,000/unit 
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Figure 17: Plot of the multi-dimensional solution space corresponding to the Borg 
approximation of the Pareto Front for Climate Region I, with solar capital ~ $6,000/unit, wind 
capital ~ $48,000/unit, and battery capital ~ $15,000/unit 
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Figure 18: Projection of the complete solution space onto the wind V solar plane for the Borg 
approximation of the Pareto Front for Climate Region 1, with solar capital ~ $6,OOO/unit, wind 

capital ~ $48,OOO/unit, and battery capital ~ $15,OOO/unit. 
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Figure 19: Projection of the complete solution space onto the wind V battery plane for the Borg 

approximation of the Pareto Front for Climate Region 1, with solar capital ~ $6,OOO/unit, wind 

capital ~ $48,OOO/unit, and battery capital ~ $15,OOO/unit. 
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Figure 20: Projection of the complete solution space onto the solar V Battery plane for the Borg 
approximation of the Pareto Front for Climate Region 1, with solar capital = $6,())()/mrit, wind 

capital ~ $48,OOO/uni~ and battery capital ~ $15,OOO/unit. 

Climate Region 1: Solar Capital Reduced to $4 OOOlUnit. 

Reducing the price of Solar further still causes the pareto front to achieve a faster descent, and 
the difference has become more noticeable (Figure 21, Table 5). The battery investment still 

clusters arOlmd zero, regardless of the projection taken (Figure 22, Figure 24, Figure 25). Now, 

only one general cluster appears in the wind verses solar space. Between 0 and 400 solar 

collectors, the wind investment remains near zero. Once reaching 400 solar collectors, then the 

scattering rises up, fanning an approximate right triangle, with the top and bottom right comers 

fanning the other two vertices. (Figure 22) 
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Figure 21: Borg approximation of the Pareto Front for Climate Region 1, with solar capital = 
$4,000/unit, wind capital ~ $48,000/unit, and battery capital ~ $15,000/unit 

Interval Slope 
Start Interval End Interval (lbs. C02/$ 
($) ($) Capital) 

44000 2007000 -0.8654 
2068000 4660000 -0.57305 
4728000 9101000 -0.29785 
9312000 15568000 -0.11691 

15632000 25982000 -0.04169 
Table 5: Slopes of segments fOlllld along the Borg approximation of the Pareto Front for Climate 
Region 1, with solar capital ~ $4,000/unit, wind capital ~ $48,000/unit, and battery capital ~ 

$15,000/unit 
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Figure 22: Plot of the multi-dimensional solution space corresponding to the Borg 

approximation of the Pareto Front for Climate Region 1, with solar capital = $4,OOO/mrit, wind 
capital ~ $48,OOO/uni~ and battery capital ~ $15,OOO/unit. 
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Figure 23: Projection of the complete solution space onto the wind V solar plane for the Borg 
approximation of the Pareto Front for Climate Region 1, with solar capital = $4,OOO/mrit, wind 

capital ~ $48,OOO/uni~ and battery capital ~ $15,OOO/unit. 
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Figure 24: Projection of the complete solution space onto the wind V battery plane for the Borg 
approximation of the Pareto Front for Climate Region 1, with solar capital ~ $4,OOO/unit, wind 

capital ~ $48,OOO/unit, and battery capital ~ $15,OOO/unit 
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Figure 25: Projection of the complete solution space onto the solar V Battery plane for the Borg 
approximation of the Pareto Front for Climate Region 1, with solar capital ~ $4,OOO/unit, wind 

capital ~ $48,OOO/unit, and battery capital ~ $15,OOO/unit 
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Climate Region 4: Default Pricing: 

The 2012 SGIG report defines the Southeast Central climate as Region 4, and the climate data 
for Nashville, Tennessee is used to represent the area's weather patterns. Without added DG 
technology, the modeled community releases 22586168.12Ibs. C02 annually. The pareto front 
gives the tradeoff between carbon emissions and capital investment, and the plot shows an 
exponential decay similar to Climate Region I, but the rate of carbon removal is much greater 
across the entire investment range relative to Region I (Figure 26, Table 6). The Solution space 
shows that battery investment generally clusters around zero, with some variations (Figure 27, 

Figure 29, Figure 30). In the space of wind verses solar investment, the lower left cluster forms 
an approximate rectangle, ranging up to ISO wind turbines, and reaching out to 100 solar 
collectors; the cluster appears denser on its left and right sides, but this grouping of solutions is 
still taken as a unit. The upper right cluster forms an approximate rectangle, with wind units 
ranging from ISO to 500, and solar units ranging from 400 to 500. The bottom right ofthis 
cluster, however, appears to form more of a concave up curve. (Figure 28) 
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Figure 26: Borg approximation ofthe Pareto Front for Climate Region I, with solar capital ~ 
$7,000Iunit, wind capital ~ $48,000Iunit, and battery capital ~ $15,000Iunit. 
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7300000 
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9977000 
14005000 

13574000 
27494000 
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-047444 
-0.21461 

Table 6: Slopes of segments found along the Borg approximation ofthe Pareto Front for Climate 
Region I, with solar capital ~ $7,000/unit, wind capital ~ $48,000/unit, and battery capital ~ 

$15,000/unit 
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Figure 27: Plot ofthe multi-dimensional solution space corresponding to the Borg 
approximation ofthe Pareto Front for Climate Region I, with solar capital ~ $7,000/unit, wind 
capital ~ $48,000/unit, and battery capital ~ $15,000/unit 
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Figure 28: Projection of the complete solution space onto the wind V solar plane for the Borg 

approximation of the Pareto Front for Climate Region 1, with solar capital = $7,OOO/unit, wind 
capital ~ $48,OOO/uni~ and battery capital ~ $15,OOO/unit 
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Figure 29: Projection of the complete solution space onto the wind V battery plane for the Borg 

approximation of the Pareto Front for Climate Region 1, with solar capital = $7,OOO/unit, wind 
capital ~ $48,OOO/uni~ and battery capital ~ $15,OOO/unit 
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Figure 30: Projection of the complete solution space onto the solar V Battery plane for the Borg 
approximation of the Pareto Front for Climate Region 1, with solar capital ~ $7,000/uni~ wind 
capital ~ $48,OOO/unit, and battery capital ~ $15,OOO/unit 

Climate Region 4: Wind Capital Reduced to $40,000IUnit: 

Reducing the price of wind causes the pareto front to achieve a faster descent, although the 

difference is not particularly noticeable (Figure 31, Table 7). The battery investment still 

clusters around zero, regardless of the projection taken (Figure 32, Figure 34, Figure 35). In the 
space of wind verses solar investment, two clusters appear again, but the shapes are noticeably 

different The lower left cluster forms an approximate right triangle, with the right angle vertex 
in the upper left comer; the hypotenuse ranges from 0 units of both technologies up to 250 solar 
collectors and 200 wind turbines. The upper right cluster also forms an approximate right 
triangle, but with its right angle vertex in the lower right comer; the hypotenuse ranges from 250 

solar collectors and 200 wind turbines up to 500 units of both, such that the two clusters have 
adjoining vertices. (Figure 33) 
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Figure 31: Borg approximation ofthe Pareto Front for Climate Region 1, with solar capital ~ 

$7,000/unit, wind capital ~ $40,000/unit, and battery capital ~ $15,000/unit. 

Start Interval ($) End Interval ($) Interval Slope (I bs. 
C02/$ Capital) 

280000 7523000 -1.69485 
7548000 9245000 -0.65963 
9288000 11127000 -0.52685 

11149000 14504000 -0.39836 
14719000 22872000 -0.22761 

Table 7: Slopes of segments found along the Borg approximation ofthe Pareto Front for Climate 

Region 1, with solar capital ~ $7,000/unit, wind capital ~ $40,000/unit, and battery capital ~ 

$15,000/unit. 
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Figure 32: Plot ofthe multi-dimensional solution space corresponding to the Borg 
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approximation ofthe Pareto Front for Climate Region 1, with solar capital ~ $7,OOO/unit, wind 
capital ~ $40,OOO/unit, and battery capital ~ $15,OOO/unit 

600 

SOO 

400 

~ 3D0 .'" ~ 
~ 
c 
§ 200 

100 

a 

-100 
-100 

Decission Space Projected onto Wind V Solar 

• • •• .1 

••• . .... 
•• '1 .... ~ ...... ~ 

~:.=::I • • A..~ .. 
'~,f;,,,. ,. ..... .laIM.·.·.. -01 :: . . .. ,-.,..........# .". 
A;' • 

fi ·-· .. . •• 
I .. ,..-. 

a 100 200 300 400 SOO 
Solar Units 

500 

Figure 33: Projection ofthe complete solution space onto the wind V solar plane for the Borg 
approximation ofthe Pareto Front for Climate Region 1, with solar capital ~ $7,OOO/unit, wind 
capital ~ $40,OOO/unit, and battery capital ~ $15,OOO/unit 
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Figure 34: Projection of the complete solution space onto the wind V battery plane for the Borg 
approximation of the Pareto Front for Climate Region 1, with solar capital ~ $7,OOO/unit, wind 
capital ~ $40,OOO/unit, and battery capital ~ $15,OOO/unit 
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Figure 35: Projection of the complete solution space onto the solar V Battery plane for the Borg 
approximation of the Pareto Front for Climate Region 1, with solar capital ~ $7,OOO/unit, wind 

capital ~ $40,OOO/unit, and battery capital ~ $15,OOO/unit 
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Region 4, Wind Capital Reduced to $30,OOOlUnit: 

Reducing the price of wind causes the pareto front to achieve a faster descent, especially at the 

start of the curve (Figure 36, Table 8). The battery investment still clusters arOlllld zero, 

regardless of the projection taken (Figure 37, Figure 39, Figure 40). In the space of wind verses 

solar investment, The lower left cluster approximates a tall, narrow rectangle, ranging up to 300 

wind turbines and out to 50 solar collectors. The upper right cluster forms an approximate 

trapezoid, with vertices near 300 solar collectors and 300 wind turbines, 500 solar collectors and 

300 wind turbines, 400 solar collectors and 500 wind turbines, as well as 500 solar collectors and 

500 wind turbines. The horiwntalline joining the two clusters near 300 wind turbines is less 

clearly defined. (Figure 38) 
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Figure 36: Borg approximation of the Pareto Front for Climate Region 1, with solar capital = 

$7,000/unit, wind capital ~ $30,000/unit, and battery capital ~ $15,000/unit. 

InteIVal Slope 
(lbs. C02/$ 

Start lnterval ($) End Interval ($) Capital) 
150000 5985000 -2.38322 

6064000 9201000 -0.63352 
9220000 11040000 -0.48098 

11048000 13180000 -0.39143 
13250000 18440000 -0.2747 
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Table 8: Slopes of segments found along the Borg approximation of the Pareto Front for Climate 
Region I, with solar capital ~ $7,OOO/unit, wind capital ~ $30,OOO/unit, and battery capital ~ 

$15,OOO/unit 
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Figure 37: Plot of the multi-dimensional solution space corresponding to the Borg 
approximation of the Pareto Front for Climate Region I, with solar capital ~ $7,OOO/unit, wind 

capital ~ $30,OOO/unit, and battery capital ~ $15,OOO/unit 
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Figure 38: Projection ofthe complete solution space onto the wind V solar plane for the Borg 
approximation ofthe Pareto Front for Climate Region 1, with solar capital ~ $7,OOO/unit, wind 

capital ~ $30,OOO/unit, and battery capital ~ $15,OOO/unit. 
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Figure 39: Projection ofthe complete solution space onto the wind V battery plane for the Borg 
approximation ofthe Pareto Front for Climate Region 1, with solar capital ~ $7,OOO/unit, wind 

capital ~ $30,OOO/unit, and battery capital ~ $15,OOO/unit. 
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Figure 40: Projection of the complete solution space onto the solar V Battery plane for the Borg 

approximation ofthe Pareto Front for Climate Region 1, with solar capital ~ $7,000/unit, wind 

capital ~ $30,000/unit, and battery capital ~ $15,000/unit 

Climate Region 4: Solar Capital Reduced to $6000IUnit: 

Reducing the price of solar causes the pareto front to achieve a faster descent, although the 

difference is not particularly noticeable from objective space (Figure 41, Table 9). The battery 

investment still clusters around zero, regardless ofthe projection taken (Figure 42, Figure 44, 

Figure 45). In the space of wind verses solar investment, the lower left cluster can be 

approximated with a rectangle, ranging out to 150 solar collectors and up to 150 wind turbines. 

The upper right cluster forms a tall rectangle, ranging from 150 to 500 wind turbines and from 

400 to 500 solar collectors. (Figure 43) 
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Figure 41: Borg approximation ofthe Pareto Front for Climate Region 1, with solar capital ~ 

$6,000/unit, wind capital ~ $48,000/unit, and battery capital ~ $15,000/unit 

Interval Slope 
Start Interval End Interval (lbs. C02/$ 
($) ($) Capital) 

12000 5676000 -1.9206 
5709000 8010000 -1.00073 
8052000 10407000 -0.6881 

10416000 15660000 -0.38693 
15912000 26814000 -0.19224 
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Table 9: Slopes of segments found along the Borg approximation ofthe Pareto Front for Climate 
Region I, with solar capital ~ $6,OOO/unit, wind capital ~ $48,OOO/unit, and battery capital ~ 

$15,OOO/unit 
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Figure 42: Plot ofthe multi-dimensional solution space corresponding to the Borg 
approximation ofthe Pareto Front for Climate Region I, with solar capital ~ $6,OOO/unit, wind 

capital ~ $48,OOO/unit, and battery capital ~ $15,OOO/unit 
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Figure 43: Projection of the complete solution space onto the wind V solar plane for the Borg 

approximation of the Pareto Front for Climate Region 1, with solar capital = $6,OOO/unit, wind 
capital ~ $48,OOO/unit, and battery capital ~ $IS,OOO/unit 
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Figure 44: Projection of the complete solution space onto the wind V battery plane for the Borg 

approximation of the Pareto Front for Climate Region 1, with solar capital = $6,OOO/unit, wind 
capital ~ $48,OOO/unit, and battery capital ~ $IS,OOO/unit 
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Figure 45: Projection ofthe complete solution space onto the solar V Battery plane for the Borg 
approximation ofthe Pareto Front for Climate Region I, with solar capital ~ $6,000/unit, wind 
capital ~ $48,000/unit, and battery capital ~ $15,000/unit. 

Climate Region 4: Solar Capital Reduced to $4,000/Unit: 

Reducing the price of solar further causes the pareto front to achieve a faster descent, although 
the difference is not as noticeable from objective space (Figure 46, Table 10). The battery 
investment still clusters around zero, regardless ofthe projection taken (Figure 47, Figure 49, 
Figure 50). Again, solutions in the wind verses solar space form a single cluster. From 0 to 250 
solar collectors, wind investment remains near zero. Past 250 solar collectors, the scattering 
expands upward, fanning an approximate exponential curve on the upper bound. This region 
could be approximated with a right triangle having vertices in the upper right corner, the bottom 
right comer, and at 250 solar collectors and 0 wind turbines; however, the concave up curve of 
the hypotenuse is distinct. (Figure 48) 
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Figure 46: Borg approximation of the Pareto Front for Climate Region 1, with solar capital = 

$4,000/unit, wind capital ~ $48,000/unit, and battery capital ~ $15,000/unit. 

Interval Slope 
(lbs. C02/$ 

Start Interval ($) End Interval ($) Capital) 
52000 3920000 -2.13119 

3932000 6147000 -1.54448 
6168000 9676000 -0.84199 
9816000 17024000 -0.33439 

17263000 25934000 -0.17283 
Table 10: Slopes of segments fOlllld along the Borg approximation of the Pareto Front for 
Climate Region I, with solar capital ~ $4 ,000/unit, wind capital ~ $48,000/unit, and battery 

capital ~ $15,000/unit. 
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Figure 47: Plot of the multi-dimensional solution space corresponding to the Borg 
approximation of the Pareto Front for Climate Region 1, with solar capital = $4,COJ/mrit, wind 
capital ~ $48,OOO/unit, and battery capital ~ $15,OOO/unit 

600 

SOD 

400 

" 300 
'0 
~ 
~ 
c 
~ 200 

100 

0 

- 100 -loa 

Decission Space Projected o nto Wind V Solar 

N' .. 

o 100 

• 
• 

• 

• 
• 

'. • • • , . ,. 
••• _:_ .e • ., 

• • ·~I . . . .... . 
•• - •••• trf. .a ..... • 

200 300 400 
Solar Units 

500 600 

Figure 48: Projection of the complete solution space onto the wind V solar plane for the Borg 

approximation of the Pareto Front for Climate Region 1, with solar capital = $4,COJ/mrit, wind 
capital ~ $48,OOO/unit, and battery capital ~ $15,OOO/unit 
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Figure 49: Projection of the complete solution space onto the wind V battery plane for the Borg 
approximation of the Pareto Front for Climate Region 1, with solar capital ~ $4,OOO/unit, wind 

capital ~ $48,OOO/unit, and battery capital ~ $15,OOO/unit 
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Figure 50: Projection of the complete solution space onto the solar V Battery plane for the Borg 
approximation of the Pareto Front for Climate Region 1, with solar capital ~ $4,OOO/unit, wind 

capital ~ $48,OOO/unit, and battery capital ~ $15,OOO/unit 
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Climate Region 5: Default Pricing: 

The 2012 SGIG report defines the Southeast Coastal climate as Region 5, and the climate data 
for Tampa Bay, Florida is used to represent the area's weather patterns. Without added DG 
technology, the modeled community releases 25,945,385.l2Ibs. C02 annually. The pareto front 
gives the tradeoff between carbon emissions and capital investment, and the plot shows an 
exponential decay similar to Climate Region 1. The rate of carbon removal is much greater 
across the entire investment range relative to Region 1, although the response is not nearly as 
dramatic as Region 4 (Figure 51, Table 11). The Solution space shows that battery investment 
generally clusters around zero, with some variations (Figure 52, Figure 54, Figure 55). In the 
space of wind verses solar investment, the lower left cluster can be approximated with a 
trapezoid having a height of300 wind turbines; the right side slants up from 100 solar collectors 
to 200 solar collectors, although the points appear to have a slight concave down curve. The 
upper right cluster forms an approximate rectangle, ranging vertically from 300 to 500 wind 
turbines and horizontally from 300 to 500 solar collectors. Again, the horizontal connection 
between the two clusters is less well defined, ranging from 280 to 310 wind turbines as it spans 
the region between 200 and 300 solar collectors. (Figure 53) 
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Figure 51: Borg approximation of the Pareto Front for Climate Region 5, with solar capital ~ 
$7,000/unit, wind capital ~ $48,000/unit, and battery capital ~ $15,000/unit. 

Start Interval End Interval Interval Slope (lbs. 
($) ($) C02l$ Capital) 

0 7739000 -1.16946 
7809000 12847000 -0.85424 

12852000 16062000 -0.53925 



16130000 
18734000 

18690000 
27222000 
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-0.37936 
-0.2348 

Table 11: Slopes of segments found along the Borg approximation ofthe Pareto Front for 
Climate Region 5, with solar capital ~ $7,000/unit, wind capital ~ $48,000/unit, and battery 
capital ~ $15,000/unit. 
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Figure 52: Plot ofthe multi-dimensional solution space corresponding to the Borg approximation 
ofthe Pareto Front for Climate Region 5, with solar capital ~ $7,000/unit, wind capital ~ 
$48,000/unit, and battery capital ~ $15,000/unit. 
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Figure 53: Projection of the complete solution space onto the wind V solar plane for the Borg 
approximation of the Pareto Front for Climate Region 5, with solar capital ~ $7,OOO/unit, wind 

capital ~ $48,OOO/unit, and battery capital ~ $15,OOO/unit 
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Figure 54: Projection of the complete solution space onto the wind V battery plane for the Borg 
approximation of the Pareto Front for Climate Region 5, with solar capital ~ $7,OOO/unit, wind 

capital ~ $48,OOO/unit, and battery capital ~ $15,OOO/unit 
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Figure 55: Proj ection of the complete solution space onto the solar V Battery plane for the Borg 

approximation of the Pareto Front for Climate Region 5, with solar capital = $7,OOO/unit, wind 

capital ~ $48,OOO/unit, and battery capital ~ $15,OOO/unit 

Climate Region 5: Wind Capital Reduced to $40 OOOlUnit 

Reducing the price of wind causes the pareto front to achieve a faster descent, although the 

difference is not particularly noticeable (Figure 56, Table 12). The battery investment still 

clusters arOlllld zero, regardless afthe projection taken (Figure 57, Figure 59, Figure 60). In the 

space of wind verses solar, The lower left cluster can be approximated with a trapezoid that 
reaches up to 350 wind turbines, and that extends out to 50 solar collectors on its bottom side and 

100 solar collectors on the top. The upper right cluster can be approximated by a right triangle, 

with one vertex at 275 solar collectors and 350 wind turbines, with the right angle vertex at 500 

solar collectors and 350 wind turbines, and with the top vertex at 500 of both teclmologies. 

(Figure 58) 
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Figure 56: Borg approximation of the Pareto Front for Climate Region 5, with solar capital = 

$7,OOO/unit, wind capital ~ $40,OOO/unit, and battery capital ~ $15,OOO/unit. 

Start Interval 
($) 

21000 
End IntelVal ($) 

8872000 

Interval Slope 
(lbs. C02l$ 
Capital) 

-1.46503 



9072000 
13729000 
15507000 
17682000 

13720000 
15497000 
17656000 
23061000 
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-0.74037 
-0.4238 

-0.35125 
-0.26588 

Table 12: Slopes of segments found along the Borg approximation of the Pareto Front for 
Climate Region 5, with solar capital ~ $7 ,000/uni~ wind capital ~ $40,OOO/unit, and battery 
capital ~ $15,000/unit 
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Figure 57: Plot of the multi-dimensional solution space corresponding to the Borg 
approximation of the Pareto Front for Climate Region 5, with solar capital = $7,OOO/mrit, wind 
capital ~ $40,000/uni~ and battery capital ~ $15,OOO/unit 
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Figure 58: Projection ofthe complete solution space onto the wind V solar plane for the Borg 
approximation ofthe Pareto Front for Climate Region 5, with solar capital ~ $7,OOO/unit, wind 
capital ~ $40,OOO/unit, and battery capital ~ $15,OOO/unit. 
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Figure 59: Projection ofthe complete solution space onto the wind V battery plane for the Borg 
approximation ofthe Pareto Front for Climate Region 5, with solar capital ~ $7,OOO/unit, wind 

capital ~ $40,OOO/unit, and battery capital ~ $15,OOO/unit. 
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Figure 60: Projection ofthe complete solution space onto the solar V Battery plane for the Borg 
approximation ofthe Pareto Front for Climate Region 5, with solar capital ~ $7,OOO/unit, wind 

capital ~ $40,OOO/unit, and battery capital ~ $15,OOO/unit 

Climate Region 5: Wind Capital Reduced to $30,OOOlUnit: 

Reducing the price of wind further causes the pareto front to achieve an even faster descent, 

although the difference is still not easily noticeable (Figure 61, Table 13). The battery 
investment still clusters around zero, regardless ofthe projection taken (Figure 62, Figure 64, 
Figure 65). In the projection ofthe solution space onto the wind verses solar plane, the points no 

longer appear in two separate clusters, Instead, there now appears one large cluster, which 
roughly approximates a right triangle subsuming the upper left half of the space; however, the 
side that would form the hypotenuse ofthis triangle actually bends into the cluster, following a 

logarithmic curve. (Figure 63) 
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Figure 61: Borg approximation of the Pareto Front for Climate Region 5, with solar capital = 

$7,000/unit, wind capital ~ $30,000/unit, and battery capital ~ $15,000/unit 

Interval Slope 
(lbs. C02/$ 

Start Interval ($) End Interval ($) Capital) 
367000 7530000 -1.88779 

7633000 11681000 -0.74912 
11726000 13856000 -0.41342 
13885000 15592000 -0.34192 
15677000 18183000 -0.29574 

Table 13: Slopes of segments fOlmd along the Borg approximation of the Pareto Front for 
Climate Region 5, with solar capital ~ $7,000/unit, wind capital ~ $30,000/unit, and battery 

capital ~ $15,000/unit 
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Plot of Complete Decision Space for Non-Dominated Solutions 
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Figure 62: Plot of the multi-dimensional solution space corresponding to the Borg 
approximation of the Pareto Front for Climate Region 5, with solar capital ~ $7,OOO/unit, wind 
capital ~ $30,OOO/unit, and battery capital ~ $15,OOO/unit 
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Figure 63: Projection of the complete solution space onto the wind V solar plane for the Borg 
approximation of the Pareto Front for Climate Region 5, with solar capital ~ $7,OOO/unit, wind 
capital ~ $30,OOO/unit, and battery capital ~ $15,OOO/unit 
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Figure 64: Projection of the complete solution space onto the wind V battery plane for the Borg 

approximation of the Pareto Front for Climate Region 5, with solar capital = $7 ,OOO/mrit, wind 

capital ~ $30,OOO/unit, and battery capital ~ $15,OOO/unit 
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Figure 65: Projection of the complete solution space onto the solar V Battery plane for the Borg 

approximation of the Pareto Front for Climate Region 5, with solar capital = $7,OOO/mrit, wind 

capital ~ $30,OOO/unit, and battery capital ~ $15,OOO/unit 
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Climate Region 5: Solar Capital Reduced to $6,000IUnit: 

Reducing the price of solar causes the pareto front to achieve a faster descent, although the 

difference is not immediately noticeable (Figure 66, Table 14). The battery investment still 
clusters around zero, regardless of the projection taken (Figure 67, Figure 69, Figure 70). In the 
space of wind verses solar investment, the lower left cluster forms an approximate quadrilateral 

with vertices at zero units of solar and wind, 200 solar collectors and 25 wind turbines, 0 solar 
collectors and 250 wind turbines, as well as 200 solar collectors and 275 wind turbines. This 

adjoins a triangular cluster in the upper right corner, which has vertices at approximately 200 
solar collectors and 275 wind turbines, 500 solar collectors and 280 wind turbines, and 500 solar 

collectors and 500 wind turbines. (Figure 68) 

3.0 le7 Pareto Plot Approximation 
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Figure 66: Borg approximation of the Pareto Front for Climate Region 5, with solar capital ~ 
$6,000/unit, wind capital ~ $48,000/unit, and battery capital ~ $15,000/unit. 

Start Interval ($) 
o 

8256000 
12276000 
14382000 
l7430000 

End Interval ($) 
8226000 

12264000 
14370000 
17235000 
26991000 

Interval Slope (lbs. 
C02/$ Capital) 

-l.30271 
-0.95823 
-0.68732 
-0.50912 
-0.25323 

Table 14: Slopes of segments found along the Borg approximation of the Pareto Front for 
Climate Region 5, with solar capital ~ $6,000/unit, wind capital ~ $48,000/unit, and battery 
capital ~ $15,000/unit. 
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Figure 67: Plot ofthe multi-dimensional solution space corresponding to the Borg 
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approximation ofthe Pareto Front for Climate Region 5, with solar capital ~ $6,OOO/unit, wind 

capital ~ $48,OOO/unit, and battery capital ~ $15,OOO/unit 
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Figure 68: Projection ofthe complete solution space onto the wind V solar plane for the Borg 
approximation ofthe Pareto Front for Climate Region 5, with solar capital ~ $6,OOO/unit, wind 

capital ~ $48,OOO/unit, and battery capital ~ $15,OOO/unit 
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Figure 69: Projection ofthe complete solution space onto the wind V battery plane for the Borg 
approximation ofthe Pareto Front for Climate Region 5, with solar capital ~ $6,OOO/unit, wind 

capital ~ $48,OOO/unit, and battery capital ~ $15,OOO/unit 
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Figure 70: Projection ofthe complete solution space onto the solar V Battery plane for the Borg 
approximation ofthe Pareto Front for Climate Region 5, with solar capital ~ $6,OOO/unit, wind 

capital ~ $48,OOO/unit, and battery capital ~ $15 ,OOO/unit 
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Climate Region 5: Solar Capital Reduced to $4,000/Unit: 

Reducing the price of wind causes the pareto front to achieve a faster descent, although the 

difference is not particularly noticeable (Figure 71, Table 15). The battery investment still 

clusters around zero, regardless of the projection taken (Figure 72, Figure 74, Figure 75). In the 

space of wind verses solar investment, The scattering now forms a right triangle that almost 

perfectly fills the lower right half of the solution space, with its hypotenuse ranging from 0 of 

both solar and wind up to 500 of both technologies; the region around the hypotenuse is not as 

clearly defined as the area closer to the right angle. (Figure 73) 

3.0 le7 Pareto Plot Approximation 

,., 

'.0 . 
g 
N 
0 
u 

I.' 

1.0 -----
O~O'"'.'-----;;OCo.O-----;0"'.'~-'"'1.0;--7,.;-, - ---c:,."'o-----O,"'.,- ---.;',.o 

Capital ($) le7 

Figure 71: Borg approximation of the Pareto Front for Climate Region 5, with solar capital ~ 

$4,000/unit, wind capital ~ $48,000/unit, and battery capital ~ $15,000/unit. 

Interval Slope 
Start Interval End Interval (lbs. C02/$ 
($) ($) Capital) 

56000 3760000 -1.52031 
3800000 7280000 -l.20273 
7340000 10544000 -l.08914 

10608000 15348000 -0.74067 
15412000 25808000 -0.2649 

Table 15: Slopes of segments found along the Borg approximation of the Pareto Front for 

Climate Region 5, with solar capital ~ $4,000/unit, wind capital ~ $48,000/unit, and battery 

capital ~ $15,000/unit. 



Plot of Complete Decision Space for Non-Dominated Solutions 

-100 o 

.. 
• • 

• ... • • • -. .... :: .~~ ... "'" 

100 
200 

300 
SOfar Units 400 

500 600 -5 

• • 

• 

15 

10 .~" 
,,<:> 

5 (\ 
".. 

0 ." 

600 

500 

400 
.~ 
c 

300 " ~ c 
200 ji 

100 

0 

-100 

20 
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approximation of the Pareto Front for Climate Region 5, with solar capital = $4,OOOAmit, wind 
capital ~ $48,OOO/unit, and battery capital ~ $lS,OOO/unit 
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Figure 73: Projection of the complete solution space onto the wind V solar plane for the Borg 

approximation of the Pareto Front for Climate Region 1, with solar capital = $4,OOO/unit, wind 
capital ~ $48,OOO/unit, and battery capital ~ $lS,OOO/unit 
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Figure 74: Projection ofthe complete solution space onto the wind V battery plane for the Borg 
approximation ofthe Pareto Front for Climate Region 5, with solar capital ~ $4,OOO/unit, wind 

capital ~ $48,OOO/unit, and battery capital ~ $15 ,OOO/unit 
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Figure 75: Projection ofthe complete solution space onto the solar V Battery plane for the Borg 
approximation ofthe Pareto Front for Climate Region 5, with solar capital ~ $4,OOO/unit, wind 
capital ~ $48 ,OOO/unit, and battery capital ~ $15 ,OOO/unit 
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Conclusions: 

When investing into distributed generation for a distribution network, there will naturally be a 
tradeoff between the achieved reduction in carbon emissions and the levels of capital required. 
This study explored how the tradeoff behaves according to location by considering three climate 
regions in the United States, as well as three DG technologies. An optimization process made 
investment decisions to minimize both carbon emissions and the required capital, and sets of 
non-dominated solutions were returned. It is unclear if the scattering of non-dominated solutions 

observed across the set of optimization problems are truly representative of the optimal solution 
set, or if they are an artificial product of the Borg algorithm. Repeating the process with a higher 
number of function evaluations, or comparing the results against another algorithm could help 
verify the observations. For this analysis, it is assumed that the shifting cluster patterns in 
solutions space are indicative of underlining system features, but this reasoning should be 
explored further. 

The mapping of the calculated non-dominated solutions onto objective space reveals the tradeoff 
between carbon emissions and capital. For all evaluated problems, the tradeoff follows an 
exponential decay curve, such that the pounds of C02 mitigated per dollar invested declines with 
added capital. This could be partly attributed to the demand for highly polluting peaking fuels 
being reduced by initial renewable generation, thereby limiting the ability of later renewable 

generators to mitigate carbon. This pattern could also be a consequence of more costly 
investments occurring later along the front, for which price, and not the carbon intensity of 
electricity, might be the limiting factor. The Pareto Fronts must be considered in greater detail to 
properly explain this phenomenon. 

Both the communities from Climate Regions 4 and 5 began at similar levels of carbon emissions 
and then dropped off steeply with initial investments. Climate Region 4, however, appears to be 
more responsive to initial investments. In contrast, the community from Climate Region 1 begins 
at a comparatively lower level of carbon emissions and decays at a slower rate. In retrospect, 
model 4 from Region 1 was not the best selection for comparison with Region's 4 and 5, since it 

is not clear if this dampened response is due to larger forces in Region 1, or simply the smaller 
size of the modeled community. These initial results suggest that making DG investments in 
Region 4 first would achieve the greatest benefit, followed by investments in Region 5. If the 

goal is to reduce national carbon emissions, then investment into Region 1 might not be the first 
priority. 

The provided maps of solution space help explain the decisions that resulted in the tradeoffs 
found in the objective space mappings. Understanding the patterns in solution space would help 
a policy maker with designing DG investment plans, and can underscore the policy shifts that 
could result from relative price reductions in technology. DG investment decisions mapped onto 
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solution space tend to fonn clusters, but adjacent points in solution space do not necessarily 

correspond to adjacent points in objective space. For example, in Climate Region 1 under the 

default pricing scheme, the investment combination of28 solar collectors and 19 wind turbines

costing $1,108,000 and releasing 6,974,104lbs. C02 - is adjacent in objective space to the 
solution of 102 solar collectors and 11 wind turbines - costing $1,242,000 and releasing 

6,959,815 lbs. C02; to reiterate, these solutions correspond to an approximation of the non

dominated set, and so they might not be adjacent or even included in a more complete non

dominated set. Instead, clusters appear, because general regions of investment tend to be 

preferred. The relative position of clusters indicates the levels of other technologies required to 

economically justify purchasing a certain amount of one technology. Moreover, cluster 

boundaries indicate the technology combinations beyond which investment is not justified, since 

a more economical option already exists inside the clusters. Considering Region 1 again, 

investing into 500 solar collectors would cost $3,500,000, but for this exact same amount, one 

could more effectively invest into 20 solar collectors and 70 wind turbines and achieve a greater 

carbon reduction. 

In all problems considered, battery investment levels are observed clustering around zero, 

although there are some large variations. Exploring select solutions, however, suggests that 

batteries only increase carbon emissions and that battery investment should actually be driven to 

zero. The modeled batteries are only 90% efficient, and so they force total energy demand to 

rise. Although batteries are scheduled to cut down peak loads, the added load at charging times 

appears to override this benefit. 

Across the majority of problems, a pattern appears in the projection of solution space showing 

Coe investment in solar collectors and wind turbines. First a cluster of non-dominated solutions 

appears in the lower left corner, which indicates that for small DG investments, the exact 

proportion of technologies is less important, and investing exclusively into solar or wind could 

be justified. Beyond the upper right corner of this lower cluster, another scattering of solutions 

leads rightward along a horizontal path, indicating that extra investment past this point should 

only be directed towards solar collectors. The line eventually connects with a cluster in the upper 

right corner, indicating that higher investment into wind is only justified if a requisite amount of 

solar investment is also made. The lack of non-dominated solutions in the other portions of 

solution space shows that investing exclusively into high amounts of solar or wind is not 

justified. Rather, a portfolio solution is needed to achieve minimum carbon emissions. Relative 

shifts in these clusters are important to appreciating regional policy implications. 

First consider these policy implications In some detail. In Climate Region 1 (West Coast), a 

policy maker could conclude from the default pricing solution space that investing exclusively in 

as many as 100 solar collectors or wind turbines might still yield a non-dominated solution. A 
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range of intermediate investments could be justified, until reaching a combination of 200 solar 

collectors and 100 wind turbines. Beyond there, investment should only be directed to solar 

collectors, until 400 solar units have been added to the system. After that is accomplished, the 

policy maker could justify extra wind investment, but solar investment would need to continue 

for large wind investment to be considered. This pattern suggests a policy preference for solar, 

since larger solar investment is justified with smaller wind investment, and a high amount of 

solar investment is required to approve moderate wind investment. 

If the price of wind is reduced to $40,000 per unit in Region 1, the solution space changes 

slightly. The upper corner of the lower left cluster moves in the negative solar direction, 

implying that more wind investment is needed to justify moderate solar investment, but the non

dominated set is generally stable. Reducing the price of wind further to $30,000 per unit causes 

the boundaries of both clusters to shift up by 30 wind units, and for the left cluster to shift inward 

by 25 solar units. This shows an improved preference for wind, since higher wind investment can 

be justified at lower levels of solar investment. Reducing the cost of solar to $6,000 per unit 

pushed the lower cluster down by 20 wind units and extended the region out to 450 solar 

collectors, and only past 450 solar collectors does higher wind investment become possible; this 

reveals a dramatic policy preference for solar, since large amounts of solar investment are 

possible with small wind investment, and solar investments are nearly saturated before further 

wind investment is worthwhile. If the price of solar is reduced further to $4,000, a policy maker 

should see that all initial investments should be directed to solar, and that wind investment 

should only be considered once 400 solar collectors are in the system. Generally, reducing the 

price of wind in Region 1 creates only minor instabilities in the solution space, but reducing the 

price of solar dramatically increases the emphasis on solar in solution space. 

In Climate Region 4 (Southeast Central), the non-dominated solutions under the default pricing 

scheme show an increased policy preference for wind, relative to Climate Region l. The lower 

left cluster has increased by 50 wind units, and the upper right cluster is now more rectangular; a 

policy maker should conclude that higher wind investment is possible, even with lower solar 

investment, and that a wider range of wind investment can be justified once 400 solar collectors 

are in the system. Reducing the price of wind to $40,000 per unit creates a unique solution space, 

but a policy maker could read that investing into 50 more wind turbines than before is justified 

for low solar investment. As solar investment increases, the minimum number of wind turbines 

required also increases, until reaching 250 solar collectors. Past this point, the solar collectors 

become the limiting factor, and higher solar investment is needed to justify higher wind 

investment. If the price of wind is reduced further to $30,000 per unit, a policy maker would see 

that investing in as many as 300 wind turbines is justified with low solar investment, and that 

investing in more than 50 solar collectors should only occur once 300 wind turbines are in the 

system. In order to invest in more than 300 wind turbines, though, at least 300 solar collectors 

should also be part of the solution. Reducing the price of solar to $6,000 per unit causes the 
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lower left cluster to move out in the positive solar direction by 50 units, but the upper right 
cluster does not change noticeably relative to the default pricing; this indicates that extra solar 
collectors can be included in lower investments, but the set of non-dominated solutions is 
relatively stable. Reducing the price of solar further still to $4,000 per unit results in an extreme 
policy preference for solar, similar to that seen in Climate Region 1. All initial investment should 
be directed towards solar, and only after 250 solar collectors have been purchased can wind 
turbines be incorporated into the solution. For a small reduction in solar prices, the solution 
space remains fairly stable, but larger reductions create instability. 

In Climate Region 5 (Southeast coastal), the set of non-dominated solutions under default pricing 
indicate a strong policy preference for wind relative to the results for Climate Region 1. The 
lower left cluster extends up to 200 wind turbines more than in Region I, meaning that 
significant wind investment with minimal solar investment can now be justified. The upper right 
cluster has extended out to the left, indicating that only 300 solar collectors are required to justify 
greater wind investment. Reducing the price of wind to $40,000 per unit causes the lower left 
cluster to extend 50 units in the positive wind direction and to shift 50 units in the negative solar 
direction, so a policy maker can justify larger wind investments, but a solution requires multiple 
wind turbines to make having over 50 solar collectors viable. The upper right cluster has also 
moved out to the left, so fewer solar collectors are needed in a solution with higher wind levels, 
but solar investment must increase further to justify even higher wind investments. Reducing the 

price of wind further to $30,000 results in an extreme preference for wind, and a policy maker 
could justify investment in any amount of wind turbines. As wind investment increases, the 
number of solar collectors that could be included with the investment solution also increases. 
Reducing the price of solar collectors to $6,000 per unit shifts the lower left cluster down by 
about 50 wind units and out to the right by about 100 solar collectors, and it also shifts the upper 
right cluster into a triangular configuration; these changes show a decrease in the preference for 
wind, since less wind investment is possible with low solar investment and greater solar 
investment is required to justify high wind investment. Reducing the price of solar further still to 
$4,000 per unit reveals an extreme preference for solar, mirroring the effect of similar price 
reductions in wind. Now, investment in any level of solar can be justified, and the number of 
wind turbines that can be included in a solution increases with the number of solar collectors. 

Some major extrapolations and assumptions have been made from the limited sets of non

dominated solutions. Increasing the function evaluations for Borg would improve the clarity of 
solution space, which could vindicate or refute the policy suggestions. The general observations 
and interpretation methods should hopefully still translate. 

Discussion: 
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An optimization process was used to recommend investment options for distributed generation in 

different climates that can minimize both carbon emissions and capital investment. A decision 

maker would have to select a solution according to the relative importance of carbon emissions 

and capital, but these two dimensions of an investment decision have been separated to maintain 

objectivity. Out of the models considered, the West Coast climate has the strongest policy 

preference for solar collectors, the Southeast Coastal climate has the strongest policy preference 

for wind turbines, and the Southeast Central climate has intermediate policy indications. This 

result is unsurprising, given the large availability of sunlight in California and the stronger wind 

conditions by the Gulf of Mexico. 

A rough sensitivity analysis indicates that shifts in the relative pricing of DG technologies can 

have important implications for optimizing investment plans. For all three climates, it was found 

that a 40% reduction in the price of a solar installation created a dramatic preference for solar 

investments. Meanwhile, an approximately 40% reduction in the price of a wind installation 

created a dramatic preference for wind in the Southeast Coastal climate only. Other price 

reductions also achieved noticeable shifts in favor of the cheapened technology, and policy 

makers should be aware of the volatility in DG prices when plotting out long-term investments. 

A useful approach might be to find investment solutions that remain non-dominated over a range 

of technology prices, so that the chance of a less effective investment is minimized. These results 

also show that a price reduction in solar could be more impactful than an equivalent reduction in 

wind, and so solar research could deserve increased funding. 

For all solution spaces, battery investment clusters around zero, suggesting that the effect on 

carbon emissions alone do not justify battery investment. This study allowed for up to 500 

batteries to appear in each community, and this wide range for a less desired variable would have 

created difficulty with optimization. A tighter range, closer to the battery's potential usefulness, 

should be considered in future implementations. A more distinguishable pattern might emerge, 

suggesting levels at which the existing renewable energy supply could justify battery investment. 

Also, adding a third objective related to grid performance, such as voltage stability or average 

power factors, could help incorporate batteries into solution space. The environmental objectives 

do not support battery usage, but the technical objectives demand that batteries or other forms of 

energy storage be present. 

As noted, decision makers could select an investment by finding solutions along the Pareto 

Front that match their priorities. A more logical choice, though, could be to plot out stages of 

investment according to the solution space plots, such that DG investment always remains within 

non-dominated regions but remains prepared for following the paths suggested by the observed 

cluster patterns. A community would likely not be able to make all DG investments at once, but 

it could still pursue investments strategically, rather than erroneously investing when 

opportunities appear. 
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The intennittent supply from renewable generators requires a portfolio solution to achieve 
reliable energy supply. This report concludes that a portfolio solution could also help achieve 
greater carbon mitigation. Future research should consider what technology combinations can 
achieve optimal performance, both in tenns of supply reliability and carbon mitigation. The 
reason for combined investment supporting carbon reductions cannot be properly articulated at 
this time, but it may be a consequence of the divergent points of generation separately impacting 
different parts of the load curve. 

An evolutionary algorithm was selected for this study, in part because many related publications 
proposed the use of evolutionary or other heuristic optimization methods. A secondary 
motivation was to simply gain experience with an alternative optimization process. While the use 
of Borg was justified for a process involving repeated iterations of GridLab-D models, the final 
procedure, in which stored load curves were combined linearly, shifts the computational 
requirements. The final process should be implementable in a linear program, such as AMPL. 
The program could minimize the sum of carbon emissions repeatedly, subject to constraints 
limiting available capital to a unique level for each evaluation, thereby approximating a Pareto 
Front. The concavity of the carbon emissions function would have to be considered, since 
function irregularities could reduce the ability of the LP. An advantage of using Borg is that built 
in methods help prevent becoming stuck at a local minimum and force the process to consider a 

wider solution range. 

In future work, the simplifying decisions of this procedure should be corrected. Firstly, generator 
parameters were selected with little forethought, and finding parameters that better describe 
available technology would improve the quality of solutions. Also, the technology prices used in 
calculating capital should have been better researched, and including additional expenses and 
returns over the project lifetime would give a more complete image of financial commitments. 
Using just one model from three climate regions limited the usefulness of results. Extending this 
process to other climates and communities might reveal underlining patterns useful in larger 
policy development. 
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