Optimal Design of Hydrogen Production from Agricultural Waste
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1. Introduction

The success of hydrogen as an environmentally friendly transportation fuel will depend on the proportion of hydrogen that is produced from renewable resources in a sustainable manner.  One renewable pathway for hydrogen production is from biomass.  This paper examines the economics of hydrogen production from agricultural residues.  Hydrogen is produced from agricultural residues by gasification of the feedstock.  Earlier studies have shown that the cost of hydrogen from biomass gasification is strongly dependent on the cost of the feedstock and the size of the facility [1-4].   Due to the low energy density of agricultural residues and their dispersed nature, transportation costs constitute a large fraction of their delivered cost.  Hydrogen also suffers from high transport costs.  Using case studies in California, this paper examines the effect the location and size of the conversion facility has on the delivered cost of hydrogen with a methodology developed to optimize hydrogen production from agricultural wastes.  

We use real-world data on the location of agricultural fields and population centers to develop scenarios of biomass supplies and hydrogen demands that are based on real life geographies.  A steady-state optimization model was developed to design the infrastructure needed to supply hydrogen from the available biomass.  The model maximizes the profit of an industry that produces the hydrogen.  The biomass supply, hydrogen demand distribution and the selling price of hydrogen are given.  The model chooses the best location(s) for conversion facilities, the optimal size of the facilities, the hydrogen demands served by each facility and the mode by which hydrogen is delivered to those demands.  Scenarios were examined with hydrogen demands corresponding to 1%, 5%, 10%, 25%, and 50% of current light duty vehicles in Northern California and various biomass supplies.  Californian feedstocks examined are rice straw, representing a compact agricultural industry and wheat straw, representing a dispersed agricultural industry with similar magnitude of hydrogen production potential.
2. Methodology
A profit maximizing supply chain model is developed for use with real-world data on the location of biomass supplies and hydrogen demand.  This model chooses the optimal number, location, and size of conversion facilities along with the fields that supply each of the facilities and which demands are served by which facilities.  In the process the optimal mode of hydrogen delivery is chosen.  The model is deterministic and valid for singular configurations of biomass supplies and hydrogen demands. 

The model developed is a mixed integer-nonlinear program with the objective to maximize the annual profit, defined as the annual revenue from hydrogen sales minus the annualized cost of producing the hydrogen.  Real-world geographic data is incorporated into the model through Geographic Information System (GIS) datasets on the location of rice fields, wheat fields, and population in California.  Potential hydrogen production sites are selected from the hydrogen demand clusters and the fields.  Distances, over the road network, between the fields and sites; sites and demand clusters; and between demand clusters are calculated to define the spatial layout of the system.

The model uses given hydrogen selling prices in each demand cluster, total demand for each demand cluster, total available supply from each field, and engineering-economic models of the cost of biomass hydrogen infrastructure to find the optimal system configuration.  In almost all cases, the hydrogen demand exceeds the biomass supply.  The remainder of the hydrogen is provided by some generic “back-stop” technology at the given selling price.  This “back-stop” technology is not explicitly modeled but is implied in the selling price. It may be easiest to interpret as hydrogen from onsite steam reforming of natural gas at various natural gas prices and various levels technical performance.
3. Geographic Data

Feedstock Data
The location and size of the two biomass resources were determined using the California Department of Water Resources (DWR) land use datasets [5].  These datasets map California’s agricultural land uses for the purpose of better water management.  They give field level location data for the state’s agricultural industries.  The datasets represent a single year’s land use and the data has been collected over a period of ten years, making the maps an imperfect snapshot of California agriculture.  The resource is calculated by applying a per acre yield factor to the fields. The total yield found in this manner is compared with the biomass resource found in a resource assessment funded by the California Energy Commission (CEC) [6].  The rice straw resource was found to be similar to what the CEC found.  The wheat straw resource found here was significantly higher than that found by the CEC, I use the resource found here as it is similar to the rice straw resource and makes for a good comparison.  
Figure 1: Rice Fields
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Figure 2: Wheat Fields
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Hydrogen Demand Data

Hydrogen demand scenarios are developed from population data based on the year 2000 census in the manner described in Ni and Johnson [7].  Hydrogen vehicle populations were calculated based on 0.7 vehicles per capita and a percentage of total vehicles operating on hydrogen.  A fuel demand of 0.6 kg per day per vehicle was used to derive fuel demand densities.  Census tracts with fuel demand densities above 100 kg per km2 per day were considered for potential demand clusters along with areas within 5 km.  Clusters with total demands greater than 300, 500, or 1500 kg per day, depending on the scenario, are the demand clusters for that scenario.

Table 1 summarizes the scenarios.  The 10% demand scenario has more clusters than the 25% or 50% scenarios due to the lower cluster demand threshold used for the 10% scenario.  Figure 3 shows the location of the hydrogen demand clusters.  Only Northern California demands are considered in this analysis.
Table 1: Summary of the Hydrogen Demand Scenarios Considered

	
	Total Demand
	Avg. Demand Density
	Number of Demand Clusters

	1% Demand Scenario
	39,090 kg/day
	6.5 kg/day/km2
	13

	10% Demand Scenario
	412,407 kg/day
	61.9 kg/day/km2
	34

	25% Demand Scenario
	994,294 kg/day
	132 kg/day/km2
	23

	50% Demand Scenario
	2,015,536 kg/day
	226 kg/day/km2
	29


Figure 3: Hydrogen Demand Scenarios
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Figure 4: Potential Production Sites
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Selection of Potential Hydrogen Production Sites

Potential hydrogen production sites were selected from the full set of hydrogen demand clusters and feedstock supply points by finding the points that would minimize the total cost of delivery (both feedstock and hydrogen).  This analysis was performed using hydrogen delivery costs for each of the three modes of delivery (compressed gas truck, liquid truck and pipelines) and for each feedstock.  The Richmond and South sites were found using wheat straw.  The Richmond, Sacramento and North sites were found using rice straw.  The Vacaville and Modesto sites were added to represent compromises between Sacramento and Richmond and Sacramento and South.
4. Cost Data

The cost data used for this analysis comes from three main sources, Jenkins et al (2000) for all costs dealing with collection of the straws[8], Larson et al (2005) for the costs associated with the hydrogen production facility[2], and the Department of Energy’s H2A Analysis spreadsheets for all costs involved in the distribution of hydrogen to the end-users [9].  In a few instances, I have changed a few assumptions in producing the cost functions or made an extension to the data that is available through the above sources.  The exceptions are noted in the following description of the cost functions.

Costs of Straw Harvest, Storage, and Delivery

The costs for both straw feedstocks are based a study by Jenkins et al estimating the cost of rice straw harvest, storage and transport.  The harvest costs are likely overestimates for the wheat straw harvest as some of the difficulties of rice straw harvest (high moisture soils, limited harvest season) are not present in wheat straw harvest. The straws are harvested after the completion of the grain harvest.  The straw is either raked or swathed depending on the stubble height post grain harvest.  Swathing cuts the stubble closer to the ground and windrows the straw, leading to greater straw yield than raking systems.  Swathing is commonly employed when the stubble height is over 0.15 meters.  The straw is baled into large Hesston-type bales (1.2m x 1.2m x 2.4m) weighing approximately 600 kg per bale.  The bales are retrieved from the field using stackwagons and taken to the local storage at the centroid of the field cluster.  The stackwagon travels a maximum of 2 kilometers to the roadside as reported in Jenkins et al.  The stackwagon then travels at a speed of 25 mph to the centroid over roads.  

The straws are assumed to be stored in pole barns that are located near the field supply points.  The bales are stacked 8-high in the barn, yielding 1.67 wet tonnes of storage per square meter.  The entire rice straw harvest would need approximately 54 hectares of pole barn storage or about 0.03% of land devoted to rice growing.  The straw is stored in the pole barns for at most 11 months of the year due to the once a year harvest season.  4.2% of the straw is lost during storage [10].
Double drop-bed trailers with a payload of 19 tonnes transport the rice straw from the storage barns to the production facility.  The trucks are loaded and unloaded by fork-lifts.  The cost of delivered rice and wheat straw are shown in Figure 1 as a function of delivery distance.  
Figure 5: Delivered Straw Cost as a Function of Delivery Distance
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Hydrogen Production Facility Design

The gasification facility uses the GTI gasifier to produce hydrogen and a small amount of electricity with all carbon dioxide vented to the atmosphere.  All energy for the conversion process comes from the straw feedstock.  At the end of the conversion process, hydrogen is passed to the terminal at a pressure of 19.5 atm.  This facility is modeled after the MAX-H2-VENT facility design in Larson et al [2].  The gasifier in the Larson design has a maximum capacity of 2,880 wet tonnes per day.  For facilities of greater size, the facility is designed with two gasifier trains.  The actual cost function has a discontinuity in it.  The facility is modeled here with a smooth cost curve that is fit to Larson’s costs over the range of 0 – 5,000 wet tonnes of biomass per day.  Five days of  straw storage is assumed for the production facility to buffer against disruptions in supply between the distributed storage points.  The gasification facility produces both electricity and hydrogen.  

Figure 1 gives the levelized cost of hydrogen as a function of the size of the production facility.  The cost curve used in this study is compared with a number of previous studies using the consistent economic assumptions found in Table 4.
Figure 6: Hydrogen Production Costs
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Table 4: Economic Assumptions in Figure 1
	

	Feedstock cost
	$2.00/GJ (HHV)

	Electricity cost 
	$0.045/kWh

	Internal rate of return
	10%

	Capacity factor
	0.9

	Lifetime
	15 years


Table 5: Gasification Facility Performance

	

	Efficiency
	63%

	Straw Consumption

Rice

Wheat
	13.49 dry tonnes/tonne H2

12.87 dry tonnes/tonne H2

	Electricity Production
	2.63 kWh/kg H2


Hydrogen Terminal

Gaseous Hydrogen Terminal Design

The terminal for compressed gas trucks needs hydrogen storage, hydrogen compressors for both truck and storage pressures and truck loading bays.  In the design used here, the terminal is designed to operate at a 70% capacity factor for truck loading.  Storage is sized at one day of maximum load.  H2A assumes 3 days which we considered more than necessary.

Three truck loading compressors are sized to handle half the maximum load of the terminal with one acting as a backup.  Two storage compressors are sized to handle half the hydrogen production facility’s capacity to allow for fluctuations in the demand on the terminal with one acting as a backup.  This is different from the H2A assumptions where the storage compressors were sized to fill 3 days (maximum load) of storage in 2 days.  The H2A design results in 2 oversized compressors which are used at a combined capacity factor of about 2.5%.

The hydrogen comes into the terminal at 19.5 atm.  The pressure needs to be increased to 180 atm for loading onto trucks and to 305 atm for storage.  Both the truck compressors and the storage compressors are 5-stage compressors with isentropic efficiency of 80%.  Truck compressors require 44.871 kW per tonne of hydrogen per day capacity while the storage compressors require 67.309 kW per tonne of hydrogen per day capacity.

In operation, 90% of the hydrogen produced is pumped directly into the trucks with the remaining 10% being pumped to storage pressure.

Liquid Hydrogen Terminal Design

The liquid hydrogen terminal is designed to operate with a 70% capacity factor.  One large liquefier, 2 liquid hydrogen pumps, truck bays, and 5 days of storage are the main components of the terminal.  The liquefier is sized to meet the maximum flow rate of the terminal which is 1.43 times the hydrogen production facility capacity.  Liquid hydrogen storage consists of 5 days of the maximum terminal flow rate.  A correction factor of 1.0125 is used in the storage sizing to account for hydrogen boil-off of 0.25% per day.  Each liquid pump is sized to handle 75% of the peak hydrogen flow rate.

Pipeline Terminal Design

The pipeline terminal receives hydrogen at 19.5 atm.  Its main function is to increase the pressure to 68 atm for pipeline distribution.  Three compressors are employed to do this.  Two compressors operate full time, sized at half the hydrogen production facility’s maximum flow rate and one equally sized backup.  One half of a day of hydrogen production is kept in storage at the terminal.  Two compressors are required to increases the hydrogen to the 305 atm storage pressure.  The storage compressors are sized at 10% of the production facilities maximum flow rate.  

Figure 2 shows the levelized terminal cost curves used in the analysis plotted against the size of the terminal.  A few H2A values are plotted for comparison.  There is no pipeline terminal in H2A.  The difference in the compressed gas truck terminal is due to reducing the size of the storage compressors and reducing the amount of storage.  The difference between the H2A liquid terminal and that used here arises from attempting to replicate H2A costs with smooth nonlinear functions required for this analysis.  
Figure 7: Levelized Cost of Hydrogen Terminal versus Terminal Size
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Hydrogen Delivery

Compressed Gas Trucks 
The hydrogen tube trailers are filled at the terminal and transported to the refueling stations.   The trailer is dropped off at the station to be used as on-site storage and an empty trailer is picked up by the truck for a return to the terminal.

The number of truck cabs and trailers needed is dependent on the time it takes each to cycle through a full load of hydrogen and the amount of hydrogen delivered per truckload.  The 180 atm tube trailers have an effective capacity of 280.3 kg of hydrogen per load.  The trailers require 6 hours to refill at the terminal plus an additional hour and a half at the terminal for drop-off/pick-up.  For average 40 kilometer one-way delivery distances, the trailers will spend approximately one and a half hours in the roundtrip transit with an additional 1.5 hours of drop-off/pick-up time at the station.  The trailer will stay at a station for between 12 and 36 hours.  For simplification, I assume that the total cycle time for a compressed gas trailer is approximately 24 hours and that each station will require Ntrl trailers (Equation 1) to have a full day of storage plus one trailer being refueled at the terminal.  This is a conservative estimate especially for systems with many stations.  The truck cabs accompany the trailers for all steps above except the refill time and the station time, giving the cabs a cycle time of 4.5 hours.  One truck can deliver on average 1,465 kg of hydrogen per day accounting for the 98% availability of the truck.  The total number of trucks required for a terminal (Ntrk) is given in Equation 2.
Equation 1
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Table 6: Compressed Gas Truck Capital Costs

	
	Capital Cost
	Lifetime

	Truck Cab
	$100,000
	5 years

	Tube Trailer
	$165,000
	20 years


Liquid Hydrogen Tanker Trucks
The liquid hydrogen tanker trucks operate as one unit delivering a full load of hydrogen to a single station then returning empty to the terminal to be refilled.  Filling the tanker truck at the terminal takes 3 hours, unloading time at the station takes 3.5 hours, and on-road time will average around 1.5 hours per roundtrip.  This gives an average cycle time of 8 hours or 3 loads per day.  A liquid truck will take 4,142 kg of hydrogen from the terminal and deliver 3,891 kg to the station with the remainder lost in loading/unloading and boil-off. The number of trucks and trailers needed are allocated to the terminal following Equation 4.
Equation 4
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Table 8: Liquid Truck Capital Costs

	
	Capital Cost
	Lifetime

	Truck Cab
	$100,000
	5 years

	Tanker Trailer
	$625,000
	20 years


Hydrogen Pipeline Network
The pipeline network will follow the shortest path roadway links as described in the Methodology chapter for intercity connections.  Intracity pipeline lengths will be determined by the idealized city model.  All pipelines are modeled as having 12-inch diameter pipe.  This is the maximum size needed in any scenario with hydrogen flow rates in the case studies.  The per kilometer cost of pipelines below 12-inches in diameter are relatively constant so adding the complexity of pipe sizing to the model will not add much to the functionality of the model [11].   
Rural and urban pipelines are differentiated in this work with urban pipelines costing 1.5 times the rural pipeline cost of equal length.  Pipelines between demand clusters and between demand clusters and production facilities are considered rural pipelines.  Pipelines within the demand clusters are considered urban pipelines.

Table 10: Pipeline Capital Costs

	
	Cost
	Lifetime

	Rural H2 Pipeline
	1.1*$349,625/km
	20 years

	Urban H2 Pipeline
	1.5*1.1*$349,625/km
	20 years


Refueling Stations

Compressed Gas Truck Station Design

The design for hydrogen stations served by compressed gas trucks is based on the H2A design for a 100 kg capacity station served by compressed gas trucks.  Even thought he H2A design is for a small station and the extrapolation to larger stations will not likely provide the most accurate cost estimations, extrapolation needed in order to have variable station sizes in the model. The stations are limited to be less than 560.6 kg per day average daily demand by recommendation that a refueling station requiring more than 2 deliveries per day would face overwhelming logistical challenges.  

The refueling station is assumed to have a single 425 atm hydrogen dispenser incorporated into an existing gasoline station.  The station is designed to operate at a 70% capacity factor. Three compressors, a storage tank and the dispenser are the major components to the station.

Liquid Truck Station Design

The design of the hydrogen refueling station served by liquid hydrogen trucks is modeled after the 100 kg/day and 1,500 kg/day station designs in H2A.  The stations in this work will range from 100 kg/day to 3,000 kg/ day.  The costs are obtained by extrapolating from the values in H2A.  One major modification is that for the single load scenario of trucking to work 3,891.5 kg of effective liquid storage space must be available when the trucks arrive.  For this reason the liquid hydrogen storage at the station is sized to be 4,324 kg plus a third day of the average station demand.  425 atm compressed gas storage of hydrogen will be sized at a third of the average station demand.  A dispenser will be included for every 350 kg of average station demand.  The station will also have 2 liquid hydrogen pumps sized at 2.29 the average station demand each and an evaporator.

Pipeline Station Design

The H2A design for pipeline supplied refueling stations has two sizes 100 kg/day and 1,500 kg/day.  The design for stations used in this analysis is extrapolated from the 1,500 kg/day station.  The hydrogen station is modeled as a fraction of an existing gasoline station (1-6 dispensers out of a total of 8).  The 1,500 kilogram per day station is designed with three compressors capable of taking the 20 atm hydrogen from the pipeline and compressing it to 425 atm for dispensing to vehicles.  A third of a day of high pressure storage is maintained at the station. 

Figure 1 shows the levelized station cost curves of the model in comparison to H2A costs and the cost given by Yang and Ogden [12] in a study of hydrogen delivery costs.  

Figure 8: Refueling Station Costs

[image: image11.wmf]$0.00

$1.00

$2.00

$3.00

$4.00

0

500

1,000

1,500

2,000

2,500

3,000

Avg Station Demand (kg/day)

Station Costs ($/kilogram)

gas

liquid

pipe

H2A gas

H2A liquid

H2A pipe

Y&O gas

Y&O liquid

Y&O pipe

 


A Note on Refueling Station Size

The station size for each demand cluster is determined to be the minimum of the maximum station size for the given scenario or the hydrogen demanded by that cluster.  For a demand cluster with less than the maximum stations size for a given scenario only one smaller station is located in that cluster.  The maximum station sizes are 150 kg/day for the 1% hydrogen demand scenario, 500 kg/day for the 10% hydrogen demand scenario, 1,000 kg/day for the 25% hydrogen demand scenario, and 1,500 kg/day for the 50% hydrogen demand scenario.  This station sizing ensures that a reasonable number of stations are available for each demand scenario.    The station sizes correspond to approximately 10% of stations in the 1% demand case increasing to 30% of stations for the 10% demand case and up to 50% of stations in the 50% demand case.  There is some variability between demand clusters in the percent of stations that are represented in each scenario.

A Note on Hydrogen Losses

There are hydrogen losses throughout the distribution system.  Within the model these losses are treated as loss factors in the conservation of flow equations.  Instead of all hydrogen entering the liquid terminal coming out of the liquid terminal, we have that 98.3% of the hydrogen comes out of the terminal. Table 24 below gives the hydrogen losses for each distribution system.  Only the liquid truck distribution system explicitly accounts for losses in component sizing because the hydrogen losses for the other two systems are small compared to the built-in capacity factors of the system.  The losses for the compressed gas truck and pipeline delivery modes are conservative estimates.
Table 12: Hydrogen Distribution Losses

	
	Compressed Gas Trucks
	Liquid Trucks
	Pipelines

	Terminal
	0.5%
	1.7%
	0.5%

	Distribution
	0%
	6.1%
	0.5%

	Station
	0.5%
	1.1%
	0.5%

	Total
	1%
	8.7%
	1.5%


5. Results

Comparing the Feedstock Resources

Though rice straw and wheat straw have nearly the same hydrogen production potential they are very distinct resources.  Rice straw comes from a compact industry and has significantly higher yield (1.51 dry-tonnes/acre compared to 0.83 dry-tonnes/acre). Wheat straw has a higher energy density which means it yields more hydrogen per unit of straw and does not require as large a gasification plant to produce the same quantity of hydrogen.

Table 13: Comparison of Rice Straw and Wheat Straw as Hydrogen Feedstocks

	
	Rice Straw
	Wheat Straw

	Acreage
	511,500
	980,000

	Yield
	1.51 tonnes/acre
	0.83 tonnes/acre

	Energy Density (HHV)
	16.31 GJ/tonne
	17.51 GJ/tonne

	Acres per Vehicle Served
	2.00 acres/vehicle
	3.38 acres/vehicle

	H2 Potential
	166 tonnes H2/day
	165 tonnes H2/day

	Potential Vehicles Served
	277,700
	276,000


Supply Curves

The supply curves represent the quantity of hydrogen that would be produced from rice straw or wheat straw at given selling prices of the hydrogen for the given supply and demand distributions. The supply curves only represent a handful of optimal configurations, with configurations changing where the supply curve jumps.  Where the supply curve is flat represents a profit-taking region for the hydrogen supplier maintaining the optimal configuration of the previous jump.  The least-cost system is point where the supply curve jumps from zero to some quantity of hydrogen produced.

For reference, the cost ranges for on-site steam methane reformer-based stations of the same size as the stations in each demand scenario are included on the supply curve charts.  Current and future technology costs are adapted from the National Academies report [13].  Cost ranges were calculated based on natural gas prices of $5.11 per mmBtu to $10.13 per mmBtu.  These prices represent the 10th lowest and 10th highest monthly average commercial natural gas prices in California for the period January 2000 to November 2010 according to the Energy Information Administration [14].

The supply curves for the 10%, 25% and 50% demand scenarios are shown below with separate supply curves for the rice an wheat straws.  Wheat straw requires a higher selling price to begin production of hydrogen in all cases and the lowest cost production supply chain produces significantly less hydrogen than the lowest cost rice straw-to-hydrogen supply chain.  Much higher prices are required to induce the wheat straw-to-hydrogen industry to produce the maximum hydrogen quantity compared with the rice straw. 

Figure 9: Biomass Hydrogen Supply Curve for 10% Demand Scenario
[image: image12.wmf]0

50

100

150

200

$2.50

$3.00

$3.50

$4.00

$4.50

$5.00

$5.50

Selling Price of Hydrogen ($/kg)

Hydrogen Supply (tonnes/day)

Wheat

Rice

Onsite SMR with 

future technology

Onsite SMR with 

current technology


Figure 10: Biomass Hydrogen Supply Curve for 25% Demand Scenario
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Figure 11: Biomass Hydrogen Supply Curve for 50% Demand Scenario
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Lowest Cost Infrastructure Design

The least-cost  system configurations for each demand scenario are similar for the two feedstocks in terms of facility location and mode of hydrogen delivery.  The only variation comes at the 50% demand scenario where it is better to produce hydrogen from wheat straw in Richmond serving the San Francisco Bay area while it is best to use the rice straw in Sacramento.  These systems are not completely equal though as the size of the rice straw production facilities are significantly larger than the wheat straw-based production facilities.

Table 14: Summary of Optimal Configurations for Least-Cost Systems

	Hydrogen Demand
	Feedstock

	
	
	Rice Straw
	Wheat Straw

	
	1%
	Vacaville
	Vacaville

	
	10%
	Sacramento
	Sacramento

	
	25%
	Richmond
	Richmond

	
	50%
	Sacramento
	Richmond


 



   
= Compressed Gas Truck Delivery

     
 
= Liquid Truck Delivery

 
  
= Pipeline Delivery

As can be seen in Table 15, the levelized costs for hydrogen produced from these two resources require high hydrogen selling prices in low demand scenarios.  At higher demands the cost of producing hydrogen from the biomass resources is significantly improved to $3.00 - $3.50 per kg of hydrogen.  The systems shown here a capital intensive especially at low demands. 
Table 15: Summary of Results for Least-Cost Systems

	
	Vehicles Served
	Capital Cost per Vehicle Served
	Levelized Cost 

Of Hydrogen

	Rice Straw

1% Hydrogen Demand

10% Hydrogen Demand

25% Hydrogen Demand

50% Hydrogen Demand
	65,389

272,015

276,479

276,479
	$4,100

$2,730

$1,900

$1,865
	$5.53/kg

$4.09/kg

$3.40/kg

$2.98/kg

	Wheat Straw

1% Hydrogen Demand

10% Hydrogen Demand

25% Hydrogen Demand

50% Hydrogen Demand
	65,389

157,830

237,652

237,653
	$4,025

$2,920

$3,020

$2,580
	$5.49/kg

$4.32/kg

$3.63/kg

$3.27/kg


The increase in feedstock cost  in the wheat straw systems is somewhat offset by lower capital costs in the gasification facility due to the higher energy density of wheat straw.  In most cases the hydrogen distribution, including terminal, delivery, and station costs, is more costly than the feedstock collection and conversion to hydrogen.  This implies that any assessment of biomass hydrogen is incomplete without accounting for the hydrogen distribution component of the cost.  The optimal systems found here never minimize feedstock cost but compromise higher feedstock costs for lower hydrogen distribution costs. 

Figure 12: Cost Breakdown for Least-Cost Systems
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Sample Maps of Optimal Systems

Figure 13: Optimal Configuration for 10% Demand/Rice Straw Scenario
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Figure 14: Optimal Configuration for 10% Demand/Wheat Straw Scenario
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6. Discussion and Future Work

Hydrogen from waste biomass resources can be an attractive renewable fuel.  In scenarios where the hydrogen demand is large (25% and 50% of current light duty vehicle fleet), hydrogen from rice straw would be available for less than $3.50 per kilogram with wheat straw-based hydrogen costing a little more.  The dispersed wheat straw feedstock yielded least-cost systems that had significantly higher costs and produced less hydrogen than the more densely distributed rice straw resource.

Much of the cost of centralized biomass hydrogen production arises from hydrogen distribution.  This cost could potentially be reduced by integrating with other centralized production pathways.  

In future work, we will consider other waste biomass feedstocks for hydrogen production and different biofuels using the same methodology.  Analyzing multiple biofuel pathways will enable a comparison of the different biofuels using the same biomass resources serving the same real-world demands.  
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