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ABSTRACT

Understanding the evolution of a hydrogen fuel delivery infrastructure
depends on the spatial characteristics of the hydrogen demand. We have
developed a GIS-based method to model the magnitude and spatial
distribution of hydrogen demand based on exogenously-derived market
penetration rates and population data. This approach is applied to a study of
the state of Ohio, but can be applied to any region of interest.

Our methodology is based upon population density, which is mapped at
the census-block level and used to calculate hydrogen demand density based
on per-capita vehicle ownership, projections for daily hydrogen use per
vehicle, and market penetration levels or profiles. Various methods (including
buffers and thresholds) are used to identify and aggregate high demand density
areas into demand clusters, since only those areas with sufficient hydrogen
demand are assumed to be viable locations for refueling stations. The resulting
demand clusters (or demand centers) represent the potential areas in which
investment in hydrogen infrastructure may be warranted and can be fed into a
supply infrastructure model.

Sensitivity analyses were conducted to test the impact on hydrogen
demand of different market penetration levels, thresholds, and buffer sizes. (i.e.
different scenarios) The results allow one to examine the tradeoff between
meeting hydrogen demand and the associated projected infrastructure costs.
Although this demand model contains many simplifying assumptions, it
provides a means for identifying potentially viable locations for hydrogen
infrastructure investment at various scenarios.
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1. Introduction

Modeling future hydrogen demand is an important issue in understanding a
transition to a hydrogen economy. In particular, understanding the evolution of
a hydrogen fuel delivery infrastructure depends on the spatial characteristics of
the hydrogen demand. We have developed a GIS-based method to model the
magnitude and spatial distribution of hydrogen demand based on
exogenously-derived market penetration rates and population data. Under the
umbrella of a larger research project’, this approach is applied to a study of
hydrogen demand in the state of Ohio. However, our method could be applied
to any region of interest, where census data is available.

This paper details the hydrogen demand calculations, using GIS analysis, for
the state of Ohio. First, we list GIS data sources used in the analysis. Next, we
describe our methodology for estimating spatial demand using GIS techniques,
including buffering and aggregation concepts. We present results, where
hydrogen demand is estimated under different scenarios for market penetration
levels, thresholds, and buffer sizes.. Finally, we present conclusions and a
discussion about the future research work.

2. Data
The following describes the data and factors we used in our analysis:

e Our analysis begins with US census data (population, population density
by census tract) for year 2000 (US Census Bureau, 2000).

e As hydrogen demand will occur in the future, a base year of 2030 was
used for the analysis. Projected population growth factors from 2000 to
2030 were obtained for Ohio by county (Source: Ohio Department of
Development, 2004). These were used to project population in the year
2030 for each county.

e Population density was calculated by dividing the population of each
census block by its area (km?) to arrive at people/km?.

e An estimate of total light duty vehicles (LDV) per km? was calculated by
multiplying the population density by an estimate of auto ownership per
person. A statewide average factor of 0.7 LDV/person was derived from
Ohio Department of Public Safety data, which indicates that 8.3 million
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light duty wvehicles are registered among approximately 11,353,140
people.

e Hydrogen vehicle density (H. vehicles’km?) was calculated by
multiplying the total LDV per km® by exogenously specified market
penetration rates. We examined the case of 5%, 10% and 50% market
penetration in our sensitivity analysis.

e Hydrogen demand density (kg H./day/km?) was derived by multiplying
the hydrogen vehicle density (H. vehicles’lkm?) with an estimate of
average vehicle fuel use of 0.6 kg H,/day/vehicle. This estimate is based
on the assumption that the average vehicle travels 15,000 miles/year and
has a fuel economy of 65 miles/kg (roughly equivalent to a gasoline fuel
economy of 65 miles per gallon).

e Hydrogen demand (kg H./day) in the region of interest can be calculated
by multiplying the hydrogen demand density (kg H./day/km?®) by the
area.

3. Methodology
Based on the data, we used the following formula to calculate the hydrogen
demand density:

Hydrogen Demand Density (kg Ha/day/km?) =
Population Density (people/km?) x Vehicle Ownership (0.7 LDV/person) x
Market Penetration Rate (5%, 10%, 50%) x Fuel Use (0.6 kg H,/day/vehicle)

After we calculated the census block level hydrogen demand density, we went
through the following steps to identify the magnitude and spatial distribution
of hydrogen demand centers:

e STEP 1: Applying Density Threshold (DT)

Given hydrogen demand density throughout the state, the next step was to
identify census blocks with sufficient demand to warrant consideration for
infrastructure. This was done by setting a demand density threshold (DT).
Only areas with a demand density exceeding the threshold are considered.
Three density thresholds (DT) (50, 100, and 150 kg Ha/day/km?®) were
analyzed to examine their ability to capture hydrogen demand. A GIS tool
(ArcMap 9.0) was used to select census blocks where the demand density
exceeded the specified threshold. Upon examining the results, it was apparent
that the selections did not result in uniform areas of high density; but rather



concentrations of high density census blocks with holes caused by low density
blocks. Figure 1 illustrates this phenomenon within the city of Columbus for
the three thresholds (The most stringent threshold is shown in red, the middle
case in green and the least stringent threshold in blue.).
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Figure 1 Census blocks under different density thresholds,
City of Columbus, Ohio

e STEP 2: Buffering and Aggregating Demand

In designing an optimized infrastructure, it was decided to identify contiguous
demand clusters rather than the disjointed census blocks shown in Figure 1.
A 5-kilometer buffer was used to aggregate these clusters into uniform,
consolidated shapes. The buffer was applied from each of the high demand
density blocks and then all census blocks that were completely contained
within the buffer were aggregated to form the demand clusters. Figure 2
illustrates the results from this analysis for the city of Columbus. The buffer
could be regarded as a measure of allowed distance from the center of each
high density block. For example, this approach would allow low density urban
areas like parks to be aggregated into the whole city.
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Figure 2 Demand clusters under different density thresholds,
City of Columbus, Ohio

e STEP 3: Applying Aggregation Threshold (AT)

Given the demand clusters in Step 2, the next step was to identify a subset of
clusters that have sufficient aggregate hydrogen demand (kg H./day) to
support a single fueling station. To calculate aggregate demand, total hydrogen
demand was identified for each census block by multiplying the hydrogen
demand density (kg H/day/km?) with the area (km?) of each block. Aggregate
demand for each demand cluster was then calculated by summing the demand
for all component blocks. The aggregation threshold (AT) was then used to
eliminate clusters that do not have sufficient demand to support one fueling
station. Three aggregation thresholds were tested, including 1,000, 3,000, and
5,000 (kg H/day).
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Figure 3 Demand clusters prior to applying an aggregation threshold

Figure 3 shows demand clusters prior to application of an aggregation
threshold. For the “base” case that used a density threshold of 100 (kg
H,/day/km?), we found that the hydrogen demand in individual clusters varied
from 85 to 63,235 (kg Hj/day) under the 10% scenario and from 115 to
754,836 (kg Hj/day) under the 50% scenario. Figure 3.shows the results for
the 10% scenario.

Using the “base” case aggregation threshold of 3,000 (kg H./day), all demand
centers with a demand below this threshold were erased, leaving 12 demand
centers under the 10% market penetration and 39 under the 50% market
penetration. The final demand centers using the “base” thresholds (DT = 100
kg Ho/day/km? AT = 3000 kg H./day) are illustrated for the 10% and 50%
scenarios in Figure 4 and Figure 5.
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Figure 4 Demand centers (DT = 100 kg H,/day/km?; AT = 3000 kg H,/day)
with 10% market penetration
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Figure 5 Demand centers (DT = 100 kg H,/day/km?; AT = 3000 kg H,/day)
with 50% market penetration

As we can see from above, the final demand centers actually share the same
boundary with the original census blocks. The following flow chart (Figure 6)
summarizes the procedures of hydrogen demand calculation and GIS process.
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Figure 6 Flow chart of hydrogen demand estimation

4. Results and Sensitivity Analysis

Several input variables are used to determine the spatial location and size of
hydrogen demand centers from raw census data. In this section we study the
sensitivity of our results to changes in these variables. We consider several
metrics for characterizing demand centers, such as the fraction of statewide
hydrogen demand captured in the demand centers.

e Sensitivity to Density and Aggregation Thresholds.

As mentioned, in order to understand the spatial distribution and quantity of
hydrogen demand, we used two thresholds to identify areas of high demand.
The first threshold (density threshold) was used to identify high demand
density and develop demand clusters. The second threshold (aggregate
threshold) was used to highlight areas with sufficient aggregate demand to
warrant investment in infrastructure (i.e. fueling station). As a result, it served
to identify the optimized demand centers as a subset of the initial demand
clusters. In order to determine appropriate thresholds, we conducted a
sensitivity analysis using three threshold scenarios to analyze their impact on
the extent and quantity of hydrogen demand. The three scenarios are shown in
the following table:



Scenario 1 Scenario 2 Scenario 3
[low threshold] [base] [high
threshold]
Density 50 100 150
Threshold (kg Ho/day/km?) (kg H/day/km?) (kg Hp/day/km?)
Aggregate 1000 3000 5000
Threshold (kg H/day) (kg Hy/day) (kg Hy/day)

Table 1 Threshold values for 3 scenarios

To compare these scenarios, we calculated the percent of statewide hydrogen
demand (kg Hj/day) captured within the demand centers, the percent of
statewide land area (km?) captured, and the number of demand centers
identified, as summarized in the following table:

Scenario 1 Scenario 2 Scenario 3
[low threshold] [base] [high threshold]
H, Demand 63.65% 47.21% 32.32%
(% of Ohio total)
Area 8.83% 4.84% 2.59%
(% of Ohio total)
Number of 25 12 8

Demand Centers

Table 2 Sensitivity analysis results for 3 scenarios

As expected, a greater percentage of hydrogen demand is captured over a
larger land area and in more demand centers as the threshold is lowered. The
following figures illustrate the results for demand centers with varying levels
of hydrogen demand. We categorized the demand centers into five groups
based on the quantity of aggregate hydrogen demand: 0~5,000 kg/day, 5,000~
10,000 kg/day, 10,000~20,000 kg/day, 20,000~40,000 kg/day, and greater than
40,000 kg/day. Figure 7 identifies the number of demand centers in each

group.
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Figure 7 Number of hydrogen demand centers
(3 scenarios, 5 groups of demand centers)

As shown in above figure, “low” threshold (the blue bars) results in a large
number of centers with low hydrogen demand (less than 5,000 kg H/day, for
example). Depending on the location of these small centers, it may be cost
prohibitive to supply them with hydrogen given such low demand.
Consequently, it may be preferable to use a “high” threshold to eliminate some
of these smaller demand centers. Besides, the “low” threshold scenario not
only results in more low-demand centers, but also results in more
high-demand centers (> 40,000 kg H/day) as we can observe from Figure 7.

Figure 8 illustrates the percent of statewide hydrogen demand for different
group of demand center.
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Figure 8 Percent of statewide hydrogen demand captured
(3 scenarios, 5 groups of demand centers)

Figure 8 indicates that the “low” threshold captures more of the hydrogen
demand (64% of state total) as compared to the “base” threshold (47% of state
total) and the “high” threshold (32% of state total). In particular, it captures
more demand in small and large demand centers, which is a similar
phenomenon as in Figure 7.

Synthesizing the results of Figure 7 and Figure 8, although low threshold
scenario does result in a 36% increase in the capture of demand over the
“base” scenario, it requires infrastructure to be installed to over twice as many
demand centers. (25 demand centers vs. 12 demand centers) The “high”
scenario captures about 50% of the demand met by the “low” threshold, but it
only requires one third of demand centers in the “low” threshold. (8 demand
centers vs. 25 demand centers)

Figure 9 indicates the percent of total Ohio land area captured within different
group of demand center.
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As in Figure 9, the “low” threshold scenario captures significantly more land
area (especially in small and large demand centers). This result suggests that
the “low” threshold would require more extensive intra-city infrastructures,

resulting in higher costs.

The “low” scenario occupies 83% more land than

the “base” scenario and 238% more land than the “high” threshold. In
summary, Figure 10 illustrates the spatial distribution of the three scenarios
under the 10% market penetration.
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Figure 10 Spatial distribution of demand centers (3 scenarios)
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Figure 10 illustrates how the demand centers expand in size and number as the
thresholds are lowered. In comparison with the “base” scenario, the “low”
scenario captures 36% more of the state hydrogen demand, but requires
service to twice as many demand centers and 83% more land area. However, it
does capture 64% of hydrogen demand in less than 10% of the land area. In
contrast, the “high” scenario captures 32% less hydrogen demand than the
“base” and requires 46% less land area and 33% fewer demand centers. It
captures 32% of the hydrogen demand in only 2.6% of the land area. The last,
the “base” scenario captures 47% of hydrogen demand in less than 5% of the

land area.

e Sensitivity to Buffer Size

Here we examine the impact of changing the buffer size. This corresponds to
increasing the “influence distance” of each high density census tract. In this
case, we started from a “base” scenario (DT/AT = 100/3000, buffer size = 5
km, and 10% market penetration rate). We vary the buffer size from 1 km to
10 km. Results are shown in Figure 11, for three buffer sizes (1 km, 5 km (the
base case), and 10 km). The number of demand centers and fraction of total
statewide demand are shown in the table below. As buffer size is increased, a
significantly larger fraction of demand is captured.

e Sensitivity to Market Penetration Rate.

In Figure 12, we show the impact of market penetration rate on the demand
centers. At higher market fractions, demand centers expand and spread, and a
larger fraction of demand is captured.

e Summary

Table 3 summarizes out sensitivity studies. Increasing the buffer size and
increasing the market penetration rate all had similar impacts on the hydrogen
demand captured and number of demand center identified. More hydrogen
demand and more demand centers will be included, if we either lower the
threshold, increase the buffer size or raise the market penetration rate.
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5. Conclusion and Future Work

We developed a methodology based upon GIS census data, for calculating
hydrogen demand density spatially, and identifying hydrogen demand centers.
Sensitivity analyses were conducted to test the impact on hydrogen demand of
different market penetration levels, thresholds, and buffer sizes. Although this
demand model contains many simplifying assumptions, it provides a means
for identifying potentially viable locations for hydrogen infrastructure
investment. This model of demand can be coupled to a hydrogen supply
infrastructure model.

In this paper, GIS was shown to be a powerful new research tool for tasks such
as: data managing and visualization in the hydrogen demand modeling process.
In addition, the results of our sensitivity analyses suggest that there may be a
trade-off between serving more hydrogen demand and the cost of building a
more extensive infrastructure to expand the service area.

In the future, it will be interesting to investigate in the levelized cost of
hydrogen under each scenario in order to determine which thresholds are the
most cost-effective. For example, although the “low” threshold scenario
requires extensive expansion of infrastructure for a relatively small gain in the
capture of hydrogen demand, it may allow for the capture of economies of
scale, resulting in favorable economics.

We have coupled estimates of the infrastructure cost to estimates of hydrogen
demand. In a recent study [Ogden et al. 2004; Johnson et al. 2005] we
optimized the infrastructure network based on hydrogen demand, CO,
sequestration and pipeline cost. Eventually, it is assumed that the optimization
process will be able to provide some feedback on the spatial distribution.
(Figure 13)
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Figure 13 Interaction between GIS and Optimization of Infrastructure
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