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Abstract

“Universal Access” to broadband services is a common desire among governments in the 21
century, but the economics of broadband provision are often not favorable for low population
densities or subscriber uptake rates. In developed countries such as the United States,
economically unjustified deployments are usually a result of low population density or extreme
isolation, while most developing markets suffer mainly from the problem of low uptake rates.
This key difference makes designing for the emerging market more difficult because designs
must be both low cost in the short term and massively scalable in the long term. In Kenya, for
instance, the decreasing cost of internet access and growth in personal computing is causing
demand to take off such that areas with poor economic value based on today’s demand are often
predicted to saturate with users over the next 10-20 years. This analysis explores the
construction of a second-mile backhaul to service a last-mile network being deployed in concert
with road improvements between the remote site and the core network. The developed model
considers the costs of three different build scenarios, including a static case and two flexible
cases. A flexible design strategy is identified that can be expected to generate a 5% increased
ENPV compared to the static design over a 20-year period while also exhibiting desirable
characteristics of robustness and balanced sensitivity to inputs.

System Definition

The model is designed to show the extension of second-mile backhaul to serve a wireless
broadband network in a non-urbanized area of Kenya. For the purposes of analysis, the system
boundary is the beginning and end of the backhaul route. The operator incurs all costs for the
backhaul system and is paid a fixed price per Mbps of capacity that is required on the link. As is
typical with enterprise backhaul, the operator’s agreement with the customer requires him to
service the required capacity with enterprise-class reliability'. In the event that he fails to do so,
he will be docked the price of the unserviced capacity.

In order to calculate the income for the project we must know the characteristics of the area
served, which is a 40km? valley with a population density equal to the average for populated
areas in Kenya (447ppl/km?). The area is located approximately 10km from the nearest core
internet connection point. Our project will span this 10km distance with either microwave
wireless or fiber optic cable. The microwave is cheaper to install, but incurs greater licensing
costs and has limited capacity. The fiber has future-proof capacity, low maintenance and no
licensing costs, but is much more expensive to deploy.

System Boundary

Roadway under
Construction

4_ ________ } Internet Core

Remote Network

10km to be spanned
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Fig 0. System Boundary Diagram

Based on projected demand, user uptake will be too small to require a fiber optic solution until
year 5. Typically, this would mean the use of a microwave link until demand was sufficient to
require a fiber connection, which will inevitably be required before the end of 20 years. In this
particular case, reconstruction of a roadway running through the area of interest provides the
operator three alternative methods for approaching the deployment of fiber:

1. Deploy the entire fiber network at the beginning of the project. The total cost of this
deployment is certain. Because the operator could share costs with the road construction
project, this design would have the lowest (undiscounted) cost to deploy the fiber line.

2. Pre-select and mark a path for future fiber runs at a modest premium. Pre-selecting a
path will ensure that road designers will not create obstacles to future fiber deployment.
This approach will fix the cost of a future fiber installation at a total cost below the
average for buried fiber.

3. Do no preparation for fiber deployment until the fiber is actually needed. In this
approach, the operator will gamble on the future deployment cost of the fiber line.

In order to determine the most desirable decision, we will simulate the growth of demand over
the next 20 years in order to determine the most desirable approach. The specifics of each design
alternative will be outlined more thoroughly in the Design Concepts and Option Prices section.

Principal Uncertainties - Data and Models

User Demand

The key uncertainty in this problem is user demand. In this case it is equally as difficult to
determine the expected initial demand as it is to predict its future evolution. Two sources, the
ITU and CCK both quote numbers and display trends for Kenyan internet subscriptions, but the
two sources disagree significantly in both the total number of subscriptions and their rate of
growth. The ITU suggests a .94% total subscription rate, while CCK suggests 5.1%. Similarly,
the growth rate calculated from ITU data was roughly 21% (r’=.8945) compared to the CCK’s
last stated value of nearly 56%%°. The large discrepancy in the two sources suggests a potential
difference in measurement methods or categorization, but without any way to explicitly
disambiguate the data we are forced to treat both as potentially correct and create a distribution
for which both values are potentially reasonable.

For absolute number of subscribers, we maintain the assumption that ITU and CCK data
represent low and high estimates of total demand. The model assumes that any value between
the ITU and CCK data is equally likely, 3.0% being the average value. We represent this
uncertainty by the function:
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Dow = Dy = Vg + 2Fz « RAND 3

where Dgs is the average value (3.0%), V4 is the difference between either the ITU or CCK data
and the mean value (2.1%), and RAND( ) is a uniformly distributed random number generator.

For growth rate, the average value of 38% is used. Taking into account the fact that ITU
historical data shows single year growth rates ranging from 0-70%, we will expect an annual
volatility of up to 38% as well. Because subscribership to a service from a finite pool of
potential subscribers cannot grow exponentially forever, the model additionally scales the growth
rate based on the total number of subscribers and the average household size®. As a result,
growth converges to 0 as the number of connections reaches one per household
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where Dy is the demand as a fraction of the population at time t, Dy is the initial demand, R is the
growth rate, H is the household size in persons, and V; is the expected volatility. As one might
expect, this function causes both the growth rate and the volatility to decrease as the market
matures. The evolution of the static case looks like this:
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Fig 1. Projected user demand evolution over 20 years
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Combining the uncertainty in initial value and demand growth, yields the following PDF for the
demand in year 20:

User Demand at the End of 20 Years
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Fig 2. Probability distribution of user demand as a fraction of total population at the end of 20 years. The highly
skewed output illustrates the fact that the market will almost surely saturate over the time interval.

And the average demand over the time interval

20-Year Average User Demand
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Fig 3. Probability distribution of average 20 Year demand as a fraction of total population. While the market is

very likey to saturate by the end of 20 years, there is a wide distribution of average demand over the 20-year
period.

Cost to deploy fiber

According to a recent FCC study®, deploying buried fiber can cost anywhere between $15K and
$95K/km. An email 2007 email from a KDN employee on a public listserve® estimating a
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Nairobi-Mombasa fiber link at $30k/km confirms that the FCC range is reasonable. Based on
the information regarding the Nairobi-Mombasa link (buried fiber along a major roadway), we
will assume that our link will be better-than-average cost to deploy in the uncertain case, yielding
the range $15-55K/km. Being a shorter link, it is reasonable to expect that the average value
($35k/km) would be larger than the 435km link. The model represents this uncertainty with the
function:

C =40,000 * RAND () + 15,000

The prices for the design alternative cases will be discussed in the design alternatives section.
Other Key Values

Backhaul Prices

As a second-mile provider, we are paid a price per Mbps to provide capacity to our customer. In
this case we happen to be a monopoly provider, so we can rely on the original negotiated price.

Because we only provide domestic backhaul, we are not sensitive to the prevailing prices for
international connectivity’. As long as international prices remain stable enough that price
changes are absorbed by last-mile providers, we don’t expect to see any effects of its volatility.
In the event that international prices rise so sharply that the last-mile operator could not make a
profit, we might be required to make concessions or expect to see decreased growth due to price
increases to the end-user, but the steady growth of international capacity suggests that this
situation is very unlikely to occur. On the reverse side, a sharp decline in prices to the end-user
might change our growth function, however the last-mile provider is also a monopolist at the
outset and unlikely to change prices significantly without a competitive entry into the market.

Reliable data on wholesale domestic backhaul pricing is remarkably difficult to come by,
however the previously discussed message from a KDN employee that 1Million Ksh/mo buys
roughly 10Mbps of connectivity on a 435km fiber line. We also know from Kenyan news that
KDN has decreased prices by roughly 40% on domestic links since 2007 when the message was
posted. Converting to dollars and scaling to 10km we arrive at a price of about $138/Mbps/yr
for our deployment.

Bandwidth demand per user

In order to convert user demand to bandwidth demand, we use a value quoted in the FCC study
of .16Mbps/user.

Discount Rate

In the Kenyan technology market there are many growth opportunities. As shown in the ITU
data, which was the more conservative of the two sources on market growth, there was a growth
rate of 21%. A technology provider should expect a project to capture this growth minus erosion
by price competition with competitors. As expected, fitting an exponential trend to the pretax
profits of KDN over the last four years® yields a growth rate of 15%. We will use 15% as our
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discount rate.

Using the discount rate (Rq), we can calculate the present value (V) of a future cash flow (V) as
follows:

—
iy
To calculate the net present value (Vyp) of the system over 20 years of cash flows, we use the
following equation:

Design Concepts and Design alternative Prices

The fundamental flexibility in our system is based on the choice between fiber or microwave as a
transport for data to and from the remote service area. Transporting data over fiber and
microwave has distinctly different economics. In general, the minimum CAPEX for fiber is
greatergbut it has higher performance and lower OPEX. The two technologies break down as
follows™:

Microwave Fiber
Throughput 500Mbps > 10 Gbps
Installation cost $50K (up to 20km) $15-95k/km
Maintenance and power $300/yr $100/km/yr
Licensing | $8201/yr (x .125, .25, .5, or 1 $0
based on utilized capacity)™

Table 1. Summary of available backhaul technologies and their costs

From the installation instructions for Corning fiber optic cable, we learn that most buried fiber is
deployed in bare earth by trenching or plowing. Thus, the major sources of uncertainty in the
deployment cost are the quality of the earth, labor and logistics (permits, traffic routing, etc.). In
this analysis, the existence of road construction on the route between the local and the remote
ends of the connection provides opportunities to control the costs and uncertainties of fiber
deployment.

By working alongside road construction, the operator can share many of the typical logistics
expenses associated with a standalone deployment. The operator also benefits from the fact that
the path can be cleared and conditioned by the road construction process, ensuring that
deployment will complete at the estimated cost. The operator can take full advantage of the
construction now, deploying the fiber at the outset. Instead, the operator might take partial
advantage of the construction, working with roadbuilders to ensure that a clear route will exist
for future fiber deployment. As described in System Definition, this leads to the development of
three separate design alternatives, DA1-3, as described below:
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DAL, Full-Deploy Fiber: In this design, the operator deploys the entire fiber network at
the beginning of the project. The fiber build will cost $25K/km and the microwave
system will not be deployed.

DAZ2, Partial-Deploy Fiber (flexible): In this design, the operator pre-selects and marks
a path for future fiber deployment at the beginning of the project. The selection and
marking project process will cost $1K/km. In order to service the initial demand, this
design requires the use of a microwave wireless system, costing $50K to deploy. The
operator will deploy fiber later, as required, with a certain cost of $30K/km.

DA3, No Fiber Prep (flexible): In this design, the operator only deploys the Microwave
system at the outset at a cost of $50K. He does not invest in preparing for a future fiber
deployment. In this design, the operator will also deploy fiber later, as required, but with
uncertain cost between $15K and $55K.

In addition to the capital costs above, design alternatives have different recurring costs in the first
phase as outlined below. All designs are identical once fiber has been fully deployed. The design
alternatives can be summarized as follows:

DAL: Fiber Full-Deploy
Cost in year 1 $250k
Recurring cost $1000/yr
DAZ2: Fiber Partial-Deploy (flexible)
Cost in year 1 $10k + Microwave
Recurring cost $0/yr + Microwave
Expansion cost when needed $300k
Recurring cost after expansion $1000/yr
DA3: No Fiber Prep (flexible)
Cost in year 1 $50k
Recurring cost | $300/yr + $8201/yr (x .125, .25, .5, or 1 based on use)
Expansion cost when needed Uncertain, mean $35K
Recurring cost after expansion $1000/yr

Table 2. Description of three design alternatives and their associated costs
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Decision Rules

Depending on the initial design alternative deployed, the operator will have different choices
throughout the course of the project. The process flow of the decision making process is as
follows:

START

v

Select
Design
/ v \
DA1 DA2 DA3
(inflexible) (flexible) (lexible)
¥ v
Prepare fiber path  |==p| Deploy Microwave

Can
microwave
system service
demand?

v /

Deploy Fiber* \
¢ Wait 1 Year

DONE

Fig 4. Backhaul deployment decision tree. *Cost of fiber deployment is path dependent. DAL will deploy fiber
immediately and make no further changes for the duration of the project. DA2 will pay to prepare the fiber route,
but deploy microwave initially and delay the deployment of fiber until it is needed. DA3 will initially deploy
microwave wireless and install fiber from scratch when it is needed.

For DA2-3 the operator will need to decide when to upgrade his capacity. To do this he will
estimate from history data when the demand will exceed current capacity. In order to enforce a
realistic decision, the model assumes that a decision-maker will make the decision to have
additional capacity at time t using the demand at time t-1, receiving this capacity at time t+1.
Because our model’s variation is random about a mean growth rate, we know a-priori that the
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best estimate of the growth rate at any given time will be the function:

s g

as described in Principal Uncertainties. The operator can interpret the output of the demand
projection in different ways to make a decision. For example, he might decide to expand when
the mean projected demand is greater than the capacity of the microwave system. Instead, he
might account for volatility and expand only when the projection exceeds the microwave
capacity by a capacity by a certain amount. To illustrate how this works, let’s take a numerical
example:

Imagine it is currently year 4. System demand at the end of year 3 was 420Mbps and the mean
projected growth rate at the current user demand is 10%. Based on this growth rate the demand
can be expected to reach roughly 508Mbps at the end of year 5 (for simplicity we are neglecting
the effect of increasing demand on the growth rate). A decision rule of expanding when mean
projected demand exceeds microwave capacity (500Mbps) would cause the operator to initiate
the fiber upgrade in year 4. If the decision rule was to expand when projected demand was
110% of capacity (550Mbps), the operator would wait at least an additional year before
deploying the fiber line.

This analysis develops the decision rule in two stages. First, all the design alternatives are tested
using a decision rule that expands the system when the projected demand based on the mean
growth rate exceeds the capacity of the microwave system in period t+1 by any amount. The
most promising selection from the first stage analysis will then be subjected to sensitivity
analysis using different decision thresholds to find the most profitable rule.

The Model

Model Design

In order to test the outcomes of different decisions, we employ a simulation model running in
Excel. We believe this is the ideal choice because of the multiple uncertainties and variable
growth rates inherent to the problem. For each design alternative the model calculates the NPV
for the projected demand and then simulates ENPV over a period of 20 years. The image on the
following page shows a typical page for one of the design alternatives. In the run shown,
demand increased more slowly than projected and the design alternative to build fiber capacity
was exercised in year 7, yielding a 20-year NPV of $166,979.
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Year 0 1 2 3 4 5 G 7 8 9 10
Projected Demand fraction 0.04158 0.056967 0.076843 0.101552 0.130754 0.1631 0.19619 0.227061 0.253145 0.273141
Realized Demand fraction 0.033888475 0.042448 0.057247 0.067095 0.091283 0.140477 0.145516 0.191501 0.225757 0.2684
Demand (users) 616.0038786 782.7764 1070.995 1273.435 1757.647 2744071 2883.734 3850.044 4604.562 5353.7
Bandwidth Required 98.56062057 125.2442 171.3591 203.7496 281.2236 439.0514 461.3974 616.0071 736.7299 B888.592
Backhaul Capacity 500 500 500 500 500 500 500 500 10000 10000 10000
Build capacity 0 0 0 0 0 0 1 0 0 0
Revenue 13601.36564 17283.7 23647.56 28117.44 38808.85 60589.09 63672.84 B85008.97 101668.7 122625.7
Operating costs 300 300 300 300 300 300 300 300 1000 1000 1000
Taxes and fees (max) 8201 8201 8201 8201 8201 8201 8201 8201 a a a
Taxes and Fees (actual) 2050.25 4100.5 4100.5 4100.5 8201 8201 8201 a a a
Acquisition costs 0000 a a a a a a 300000 a a a
Cashflow 3050.115639 4682.202 11046.06 15515.94 22106.85 43887.09 -253029 84008.97 100668.7 121625.7
DCF 2652.274469 3540.417 7262.964 8871.291 10991.01 18973.6 -95123 27462.68 28616.34 30064.01
Present Value of Cash Flows 226978.6213 g
starting Capacity Cost 60000
NPY 166978.6213 03 /"
0.25
013 //-J m—emand Projection [
0.1 Reslized Demand —
0.05 9,//
a
123 45 6 7 8 9 1011121314151617181920

Fig 5. Sample page from model simulation showing a single run of a 20-year simulation

Precision Checking

Because the simulation generates expected values iteratively, it is important to ensure the
simulation ran enough times to yield consistent results. Starting with a base run of 2000
iterations, the number of iterations was increased until 10 successive runs of the simulation with
a set number of iterations resulted in ENPV values within 1% of their collective mean for each
design alternative. As seen in the chart below, sufficient precision was achieved at 25,000
iterations.

Number of Model Runs | Maximum error fraction for any design alternative
2000 .0237
5000 .0158
10000 .0139
25000 .0058

Table 3. Maximum model deviation from the mean for any design alternative in 10 simulations based vs. number
of runs in simulation

Filtering and Tuning

To arrive at the most favorable outcome the model was first run with the mean decision rule, as
described previously, to reveal the design alternative with the best ENPV. In this case Design
alternative 2 was a clear winner, having an ENPV with a lower 95% confidence interval wholly
above the upper 95% intervals of the other two design alternatives. The decision rule was then
modified to trigger at demand values from 75% to 150% of the microwave device’s capacity
(the base rule triggered at 100%) and the model rerun for design alternative 2 at each threshold.
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As shown in the graph below, the ideal decision threshold is 122%. Design alternative 2
performed better than the other options at all thresholds (peak value for design alternative 3 was
$172, at a threshold of 121%).

ENPV vs. Decision Threshold

182000 +
181500
181000
180500 4
180000 4
179500 4
178000 -
178500
178000 -
177500
177000 T T T T 1

90 100 110 120 130 140

20-Year ENPV

DA2 ENPY

Percent of microwave capacity

Fig 6. ENPV vs. Decision threshold value for design alternative 2. Threshold is defined as the percent of the
microwave radio capacity predicted by the extrapolation function described in eqn. X

At this threshold the system tends to slightly underservice demand for a single period in most
cases. As a policy matter, the operator may find this undesirable for his reputation despite the
higher expected value. For the purposes of our analysis, we will assume he is more concerned
with expected value than reputation.

The application of the 122% rule improves the outcome of the other flexible design alternative
(DA3) such that its ENPV is now superior in expectation to the inflexible one (DA1), despite
still being inferior to DA2.

Results and Analysis

Mental Model

In order to contextualize the results of any model, a modeler must be able to stand in the shoes of
the system operator. In our case, we are modeling for a network operator. This network operator
has significant capital invested in physical plant and operates with small profit margins on
invested capital. He requires large positive cash flows in order to amortize his investments in
physical plant. Such a network operator is likely to be most interested in stable investments,
especially those that can guarantee positive cash flow. Since this operator dedicates so much of
his income to capital equipment, he is likely to be much more receptive to projects that can
generate cash with a smaller capital burden. The operator is less likely to be receptive to high
return projects with a big downside, even if they are superior in expectation. The following
decision metrics will be discussed through the lens of the network operator
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Output Metrics

ENPV

The three design alternatives have ENPV values as listed in the table below:

Design alternative # -95% ENPV +95% Standard Deviation
Design alternative 1 169,627 170,823 172,020 96,545
Design alternative 2 (flex) 180,177 181,023 181,869 68,228
Design alternative 3 (flex) 171,135 172,102 173,069 78,032

Table 4. ENPV values for three design alternatives over20 years, including 95% intervals and standard deviation
for ENPV.

Design alternative 2 is clearly the best design alternative by the ENPV metric, having no overlap
in confidence intervals with either of the other two design alternatives. Unless other features of
this design alternative are particularly undesirable, it is likely to be the preferred one. Having the
lowest standard deviation, design alternative 2 is also likely to be the most consistent in its return
— a desirable feature for the operator.

VARG Curve

The VARG curve below shows that no solution is stochastically dominant, however design
alternative 2 has the desirable feature of being more profitable in the low-demand cases. Both
flexible design alternatives (2, 3) are desirable in this regard, having a less than .2% probability
of a negative outcome, compared with the inflexible design alternative’s 1.2% probability.

VARG Curve
2100.0% 1
N
g 90.0% -
2 50.0%
3
5 70.0% 1
3 60.0% - DAT
g DATENPY
=3
g %0.0% 1 DA
& 30.0% - DA2 ENPY
% DA3
2 300% -
s DA3 ENPY
£ 20.0% -
3
S 10.0% -
=]
2 o00% | . - . . .
-200,000  -100,000 0 100,000 200,000 300,000 400,000 500,000

Target value

Fig 7. VARG curve for 20-year simulation of three design alternatives. Alternative 2 shows the best performance
for low demand scenarios and the most robust response to user demand.
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Again, we are led to prefer Design alternative 2 over all others.

Benefit-Cost Ratio

By summing the present values of all profits and all costs over the period of interest, the
benefit:cost (B/C) ratio provides a metric of how efficiently our cash flow is generating profit.
This metric is particularly useful in our case because each design alternative is servicing almost
exactly the same total demand and using similar technologies. This leaves deployment strategy
as the independent variable affecting the outcome. The model simulates the Expected B/C ratios
for each design alternative, resulting in the following values:

Design alternative # B/C ratio
Design alternative 1 1.664
Design alternative 2 (flex) 1.755
Design alternative 3 (flex) 1.752

Table 5. Benefit-cost ratio for three design alternatives.

In this case Design alternatives 2 and 3 are superior, and the same within the margin of error.

ENPV/CAPEX

As the operator is sensitive to the amount of capital plant he must carry to generate profits,
ENPV/CAPEX is an important metric. Depending on how the operator finances capital expenses
he may or may not be sensitive to when these expenses occur in the project timeline. As a result
we calculate two values below; ENPV/CAPEX, defined as the ratio of earnings to initial capital
outlay (the traditional method), and ENPV/CAPEXpy defined as the ratio of earnings to the
present value of all capital equipment purchases over the life of the project.

Design alternative # ENPV/CAPEX, | ENPV/CAPEXpy
Design alternative 1 0.678 0.678
Design alternative 2 (flex) 3.017 1.006
Design alternative 3 (flex) 3.442 1.033

Table 6. Two formulations of ENPV/CAPEX. ENPV/CAPEX, describes the expected net present value in
relation to capital expenditure at t,, ENPV/CAPEXpy describes expected net present value in relation to the
present value of all capital expenditure over the 20-year life of the project.

Design alternative 3 is superior on both of the metrics above, suggesting that it is the least
capital-intensive design alternative.

Value of Flexibility

While it is clear from the analysis above that a flexible design will yield superior results, it is of
interest to know exactly how much we would be willing to spend, in the theoretical case, to have
flexibility. To do this we calculate the cost of the flexibility and add it to the difference in ENPV
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between the flexible and inflexible case. For Design alternative 2, the cost of the flexibility is
the present value of the additional capital costs and license fees required to build in flexibility.
Comparing Design alternative 1 and Design alternative 2 we find the following (undiscounted):

Category Design Design Difference
alternative 1 alternative 2
Direct design alternative Cost 0 10,000 10,000
Cost of fiber install 250,000 300,000 50,000
Cost of microwave radio 0 50,000 50,000
Cost of radio License 0 Up to 8,201/yr Up to 8201/yr

Table 7. Undiscounted costs for adding flexibility compared to the inflexible alternative (left col). Cost of
flexibility is defined here as the additional CAPEX and license fees required to deploy flexibility over project life.

In simulation, these costs have a present value of $101,097. To determine the “raw” value of
flexibility, We add the present value of the costs to the ENPV of design alternative 2, then
subtract the ENPV of design alternative 1. This yields a raw value of flexibility that is roughly
$120,300. In expectation, we would still be willing to implement design alternative 2 if it were
to cost any amount less than this value to add the flexibility.

Sensitivity Analysis

While the above decision is reasonably clear based on the given input values, the results might
change significantly if the inputs were to change. Below we graph ENPV vs input for each
design while varying bandwidth price, growth rate, and initial subscriber fraction by up to 20%.

Design alternative 1 is the most sensitive to changes in all input variables, while Design
alternative 3 is generally least sensitive. It is also evident that as each of the inputs tend toward
higher cash flow in earlier periods design alternative 1 (building fiber at t;) begins to dominate.
We would expect this to be the case as design alternative 1 has the highest initial CAPEX and the
lowest recurring cost for capacity. For all variables, input values of 115% or less of the original
value result in design alternative 2 showing the best result.

Bandwidth Price Sensitivity
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Fig 8. 20-year ENPV response to changes in bandwidth price. X-unit is the fraction of predicted starting price.

Growth Rate Sensitivity
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Fig 9. 20-year ENPV response to changes in starting growth rate. X-unit is the fraction of predicted starting
mean growth rate.

Initial Subscriber Fraction Sensitivity
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Fig 10. 20-year ENPV response to changes in initial number of subscribers. X-unit is the fraction of predicted
starting mean user demand

Looking at design alternatives 1 and 2 only, we can also compare relative sensitivity to different
inputs. As shown below, the outcomes for both are most sensitive to Bandwidth prices and least
sensitive to initial number of subscribers, but design alternative 1 exhibits a greater potential for
loss in the case of underestimates than design alternative 2
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Option 1 Tornado Chart (+/-20%)
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Fig 11. Comparative sensitivity of design alternative 1 to variations in input variable values. Each value is varied
by 20% above and below its projected start value.

Option 2 Tornado Chart (+/-20%)
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Fig 12. Comparative sensitivity of design alternative 2 to variations in input variable values. Each value is varied
by 20% above and below its projected start value.

Summary

This case clearly exhibits the value of flexibility in excess of its cost. By nearly all metrics, the
flexible design alternative (2) is superior to the inflexible one. While design alternative 2 is not
the most capital efficient option, it provides a greater expected value, more limited downside,
lower volatility and greater robustness to error in the input values that would be desirable to the
risk adverse client. Based on this analysis we would recommend that the client make the
investment to prepare the fiber path and deploy fiber on demand (design alternative 2).

Reflection

Applications for Flexibility

Fundamentally, the value of flexible design is realized through the management of uncertainty,
but all uncertainty is not created equal. Some sorts of deviations from projected circumstances,
such as the price of a commaodity, have an incremental effect on the performance of an inflexible
system while others, such as a change in what product a plant manufactures, are disruptive.

Systems where a deviation from the projected future has a disruptive effect on the “optimal”
design often have potentially greater opportunities for flexibility to add value. Take, for
example, a factory designed to produce a particular consumer product requiring heavy
equipment, such as a model of car. If the expected model is prematurely discontinued, there is a
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large opportunity for loss unless the heavy equipment is reusable to produce another model. Not
surprisingly, many auto manufacturers design multiple models on the same platform, increasing
the interchangeability of parts and manufacturing facilities. Following from this example,
projects with large capital costs, long build times and long lifetimes are better candidates for
flexible design. Systems that are inherently modular with short hardware lifetimes, such as
clustered computers, are less likely to benefit from flexible design methods. 1 think that flexible
design will be very important to consider in relation to our energy dependence in the next 50
years. Given the growing focus on climate change, it is likely that energy policy will limit CO,
emissions during the lifetime of any combustion-based power plant built today. We don’t know
if or when the legislation will come, or the extent of the limits. For plant owners, the flexibility
to add CO; controls or switch fuel types could prevent a complete plant overhaul in the event
that regulations are enacted. Of greater concern is the evolution of fuel prices and availability. It
will be very difficult to predict commodity prices and availability far enough in advance to
transition an inflexible energy infrastructure, and the consequences of being unprepared for a
sudden spike in or lack of energy to fuel the economy would be catastrophic. Flexible design
thinking is important here because energy producers (and also the transportation industry) will
consistently gravitate toward the cheapest way of going about their business. Adoption of a
flexible design approach might reveal to these actors that being prepared for the inevitable is not
only the safest, but also the most economical approach.

Lessons Learned

It goes without saying that any project of this complexity is always a reminder of the value of
early preparation and incremental progress. Changing my AP project and starting from scratch in
the final two weeks of class was less than enjoyable. In the same vein, this project was a
reminder that at least half the work is always in the last 10% of a project.

One of the most interesting things | discovered about the modeling process was how easy it is to
completely upend what a model illustrates by making small, ostensibly reasonable changes in
how it is constructed. It follows naturally that a modeler must develop a thorough understanding
about the dynamics of the system under test and, as much as possible, validate this understanding
against empirical data. For my particular area | was very surprised how often different credible
data sources conflicted on basic parameters and how little documentation there was on how
information was gathered or what the variables in various datasets meant. Combined with the
previous observation, this observation suggests that the success of a model development is highly
dependent on the participation of the client and the integrity of the information they provide. |
suspect that if a modeler is not careful it is easy to end up in a situation where a model simply
mirrors the client’s tautological view of the world.

Finally, I was stuck in this class how much can be learned from very simple analytical structures.
The course was very effective at illustrating the face that the important factor in designing for
uncertainty was not the complexity of the models but the critical thinking around how a system
functions and what variables are most important.

Overall this was an enjoyable and educational experience, and | am thankful to the course staff

for all their time and attention ensuring that the students were able to take something meaningful
away from the course.
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