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Executive Summary 

In the 21st century, the thirst for alternative energy, has been fueled by global warming, 

government regulations, public perception and energy security. This has led to the development 

of renewable power generation with a global growth rate of 8.3 percent in 2015. Research from 

Stanford University states that the world could generate 100% of its energy from green sources 

by 2050, and several countries are on track to achieve 100% renewable by 2050. The major 

technical challenges that has been identified with higher share of renewables in the grid and 

needs to be addressed for operating a sustainable green grid with enhanced power quality and 

grid stability are, 

➢ Short, steep ramps of power generation. 

➢ Over generation risk. 

➢ Decreased frequency response. 

A key solution for ensuring sustainability of green grid is energy storage. In the future energy 

mix, hydrogen plays a vital role as a fuel and energy carrier. In this project a pilot hydrogen 

energy storage system in the form of power to gas is modeled to perform the following,  

➢ Mitigate the risk of overgeneration by converting the excess power to hydrogen 

➢ Generating electric power from stored hydrogen to support to meet demand during peak 

hours and reduce the dependency of conventional power plant during peak hours. 

➢ Investigating the technical and economic feasibility of blending hydrogen into natural gas 

grid to reduce pollution and dependency on fossil fuels.  

➢ Explore other possible use of hydrogen in and around the selected site. 
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1 Introduction 

The northernmost area of Texas is called the Panhandle consisting of the northernmost twenty-

six counties in the state. Its land area is 25,823.89 sq mi with a population of 427,927 residents 

as of 2010 censes. This region is known for its plains or grass flat lands. [1]. 

The Texas panhandle is the nucleus for beef production in the United States. The area produces 

30 percent of the nation’s fed beef [2].  The Texas panhandle contains two of windiest cities in 

the United States with average annual wind speeds of 8 m/s (18 mph) [3]. Wind farms in the 

region has an installed capacity of more than 1,000 megawatts of power, with plans to add 

several thousand more MW in the next several years [4]. 

Canyon is a city in, and the county seat of, Randall County, and is located in the heart of Texas 

panhandle. Canyon is the home of West Texas A&M University. 

The two key challenges for the Texas panhandle are seasonal electric power from wind farms 

and next most energy is produced during off peak demand times. This excess generation from 

regional wind farm leads to very low, sometimes negative wholesale electric prices in Texas, due 

to its unique grid structure. The second challenger is the enormous amount of manure from 

feedlots in and around 100 miles of canyon. The quantity of manure exceeds the demand for use 

on farmland and often is considered waste. 

The proposed design aims at producing hydrogen through two surplus renewable resources in 

canyon. The first method is using excess electrical energy generated by reginal wind farms to be 

captured and stored as hydrogen using water electrolysis. The second method is using excess 

manure to produce biogas and then further converted into hydrogen using the steam reformation 

process. Since hydrogen can be stored safely for a few hours to several months, the excess 
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renewable wind energy and manure can be used to generate hydrogen which can be stored from 

hours to over a season and can be used for power generation, manufacturing of UREA, 

transportation fuel and other cross market use. 

2 System Design 

Canyon is considered as the load center for the system design, the major energy user in canyon is 

West Texas A&M University (WT). Since it is a small town, electricity is the major energy source 

with minimal natural gas usage. Xcel Energy Inc is the electric utility company providing electric 

service for the city of Canyon.  

Hydrogen is an energy carrier and a secondary source of energy, the cost of hydrogen depends to 

a great extend on the price of electricity, hence the project aims at calculating the cost of electric 

power generated by wind and solar and estimates the cost of hydrogen through electrolysis, and 

the cost of hydrogen from manure. Depending on the cost of hydrogen, its uses is determined. 

The design objectives for the system are: 

➢ Meeting the local energy demand through renewable resources in an affordable and 

effective way. 

➢ Converting all the excess power from renewable resources in to hydrogen 

➢ Estimating the cost of hydrogen produced 

➢ Effective use of hydrogen in cross market depending on its cost, quality and availability  
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Figure 1. Proposed Project Process Flow 

3 Renewable Power Generation 

Canyon is located in a region where the annual global horizontal irradiance is 5.25 kWh/m2/day 

with average annual wind speed of 9.0 m/s at 80 m as according to NREL [5]. Hence, it is a 

potential site for both solar and wind farms at large scale. Since canyon is suitable for both solar 

and wind power, both sources are investigated to meet the electric demand of canyon. 
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Canyon’s electric demand is supplied by two 13.8 kv substation. The hourly demand for canyon 

from the two substations for the year of 2017 is obtained from Xcel Energy Inc. the load profile of 

Canyon is shown in figure 2.  

 

Figure 2. Canyon Electric Load Profile for 2017 

Canyons, peak, minimum and average demand of electric power are 24.27 MWh, 5.72 MWh, 9.65 

MWh respectively. 

A simulation for 10 MW solar and wind is carried out using System Advisor Model (SAM). SAM 

is developed by National Renewable Energy Laboratory (NREL). In the model for several of the 

data, SAM is used as a library for weather data and performance data for solar and wind. 

Specifications of Wind Turbine: A Composite GE 1.5s wind turbine of 1500 KW name plate rating 

is used for analysis and the performance data for the wind turbine is obtained from SAM. Amarillo 

International airport is chosen as location for hourly wind dataset, since it is the nearest location 

of about 12 miles N of WT campus. The selected wind turbine is more suitable for class IV wind 

region, which is very popular for this region and gives the maximum capacity factor. The 
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specifications of the wind farm system are shown in table 1. The simulated results for the specified 

wind farm are shown in table 2. 

Specification of Solar Photovoltaic Panel (PV): For this proposed study, Sunpower PL-SUNP-

318E is used for analysis. The system is coupled with ABB ULTRA 1500 TL-OUTD 4 US 

inverter. From SAM’s data base, Amarillo International airport is chosen as location for hourly 

Irradiance dataset. The specifications of the solar farm system are shown in table 3. the simulated 

results for the specified solar farm are shown in table 3. 

Table 1. Proposed 10500 kW Wind Farm Specification 

Design Specifications of Wind Farm 

Parameters  Value 

Wind Resource Location Lat 34.92, Lon -101.93 

GE 1.5S Wind Turbine 1500 KW 

Rotor Diameter 70 m 

Hub Height 80 m 

Shear Coefficient  0.14 

Number of Turbine  7 

Turbine Cost $ 1,209/kw 

Balance of System Cost $ 330/kw 

Total Installed Cost per kw $ 1,539/kw 

Total Installed Cost  $ 16,159,500 

Loan Term 25 years 

Loan Rate 7.5% 
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Table 2. Results for Simulated 10500 KW Wind Farm 

Results for Simulated Wind Farm 

Annual Energy 37,322,020 kWh 

Capacity factor (year 1) 40.60% 

Levelized COE (nominal) 1.77 ¢/kWh 

Levelized COE (real) 1.39 ¢/kWh 

Table 3. Proposed 10500 kWac Solar Farm Specification 

Parameters Value 

Irradiance Resource Location Lat 35.21, Lon -101.82 

Sunpower PL SUNP SPR 318E 318.314 Wdc 

Nominal Efficiency 19.52% 

Material Mono-c si 

Module Area 1.631 m2 

Number of Modules 39,576 

ABB ULTRA 1500 TL OUTD Inverter 1500kwac 

CEC Weighted Efficiency 98.06% 

Direct Capital Cost $ 2,412/kw 

Indirect Capital Cost $ 140/kw 

Total Installed Cost per kw $ 2,552/kw 

Total Installed Cost  $ 26,796,000 

Debt Percent 100% 
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Table 4. Results for Simulate 10500 kWac Solar Farm 

Results for Simulated Solar Farm 

Annual Energy 22,769,710 kWh 

Capacity factor (year 1) 20.60% 

Levelized COE (nominal) 5.46 ¢/kWh 

Levelized COE (real) 4.31 ¢/kWh 

 

From the simulation, it is clear that wind farm has a higher capacity factor, lower total 

installation cost and maintenance cost and lower cost per kWh than solar farm. Hence wind farm 

is selected as the source for renewable power generation. 

The hourly energy generated by wind and hourly demand of canyon is compared and the results 

are shown in table 5. 

Table 5. Results from Simulation of Windfarm to Meet Energy demand of Canyon 

Parameters Values Units 

Total Electric Demand 84,556.08 MWh 

Total Energy generated by Wind 37,320.92 MWh 

Total Wind Surplus 2,561.53 MWh 

Demand met by wind 34,759.39 MWh 

Demand met by Grid supply 49,796.69 MWh 

Average Price of Grid Electricity 4.5 ¢/kWh 
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Average Price of Wind Electricity 1.77 ¢/kWh 

Total Savings for Canyon 948,931.4 $ 

4. Power to Gas System 

A key property of electricity is that electrical energy cannot be directly stored. However, the 

generated electrical energy can be stored in another form. One promising and proven way is 

converting electrical energy in to hydrogen through water electrolysis.  

Hydrogen is considered an energy carrier like electricity [6]. The strongest argument for the use 

of hydrogen is its versatility. It can be stored in large quantity and for long periods using mature 

technology. It can directly fuel cars. It can produce electricity (through engines or fuel cells). It 

can be used as a primary chemical for many products. It can be used for hydro cracking in 

refineries. It can be injected into the gas grid (up to 5 to 10%). 

Many manufacturers have developed electrolyzers that vary depending on the electrolyte used, 

monopolar or bipolar electrolysis module, arrangement of cells, electrode materials and operating 

pressure. There are three prominently known industrialized electrolyzers that are commercially 

available. These electrolyzers are Alkaline Electrolysis Cells (AEC), Polymer Electrolyte 

Membrane Electrolyzer Cells (PEM) and Solid Oxide Electrolysis Cells (SOEC). An actual 

electrolytic hydrogen production plant also requires equipment for gas cooling, purification, 

compression, and storage. Production plants require power supplies, appropriate power 

conditioning, and safety control systems [7]. The characteristics of the three different type of 

electrolyzers are listed in table 6. 
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Table 6. Main Characteristics of AEC, PEMEC and SOEC system [8].  

 

About 2,561.53 MWh of wind energy is surplus and can be used for hydrogen generation through 

electrolysis. The difficult area is sizing the correct electrolyzer to capture the surplus at minimum 

cost. Electrolyzers are very sensitive when in use and need to be operated within a safe operational 

zone. In general, most of the electrolyzer can operate from 20% to 100% of their nameplate rating. 

In order to select the optimum sizing of the electrolyzer, an analysis is done on the surplus electric 

power produced by the wind farm. Different sizing of electrolyzers are considered and the amount 

of surplus electrical energy that can be captured if its operating range is considered from 20 to 

100% of its rated name plate capacity that is calculated and is presented in percentage in 

comparison to the total surplus electric power. The results of the analysis are shown in table 7.  
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Table 7. Different scenarios of electrolyzer sizing and possible energy captured. 

Sizing of Electrolyzer Energy Captured % Energy Captured of Surplus 

1 MW Electrolyzer 1334.0 52.1 

2 MW Electrolyzer 2083.1 81.3 

3 MW Electrolyzer 2358.2 92.1 

4 MW Electrolyzer 2377.8 92.8 

5 MW Electrolyzer 2294.1 89.6 

2 X 1 MW Electrolyzer 2103.9 82.1 

3 X 1 MW Electrolyzer 2436.7 95.1 

4 X 1 MW Electrolyzer 2542.2 99.2 

5 X 1 MW Electrolyzer 2551.1 99.6 

 

From the table 7, it is clear that a 3MW and 4 MW system captures up to 99% of the curtailed 

wind energy. Since WT’s wind energy program is constantly growing, 4 X 1 MW electrolyzers 

are selected.  

The wing energy data shows that the power fluctuations are high at movements and might require 

a dynamic electrolyzer system which can follow the power generation changes on a short time and 

has short turn on and off time. As per the characteristics of different electrolyzers as listed in table 

6, PEM electrolyzer is more dynamic in nature that it can respond faster than AGC signals. 
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Figure 3. Hydrogenics demonstration of 2 MW PEM electrolyzer in IESO Distributed Load for 

regulation study. 

Multiple price quotes were obtained from Nel electrolyzer, ITM powers and other leading 

electrolyzer manufacturers. The most competitive quote from ITM power is considered for 

modeling the system. The specifications and economical details of the electrolyzer is shown in 

table 8. 

Table 8. Specifications of ITM PEM Electrolyzer 

Parameters Value 

Electrolyzer type PEM 

No of Stacks 6 stacks 

Maximum input power 4033 kw 

Maximum hydrogen production 1608 kg/24 hrs. 

Output pressure of hydrogen 20 bar 
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Purity of hydrogen 99% 

Water quality requirement Tap water 

Cost of the electrolyzer system $ 4,680,000 

Installation and compressor cost (25% of electrolyzer 

system) 

$ 1,170,000 

Total Installed Cost per kw $ 1,450/kw 

Total Installed Cost  $ 5,580,000 

Annual maintenance cost (5% of system cost) $ 234,000 

Debt Percent 100% 

Loan Term 25 

Loan Rate 7.5 

 

Installation cost, compressor cost, annual maintenance cost which includes the cost for 

replacement of the stack after 10 years of operation on an average are adopted from NREL’s H2A 

analysis case study which uses input from several key industry collaborators (KIC) with 

commercial experience in PEM electrolysis [9]. The electrolyzer use 54.6 kWh per kilogram of 

hydrogen delivering hydrogen at 20 bar and the compressor uses 2 kWh/kg H2 to compress 

hydrogen from 20 bar to 350 bar (5,000 psi or ~35 MPa) [10]. The electrolyzer units use tap water 

and excess renewable electricity for electrolysis. A process flow diagram of adopted system is 

shown in figure 4. 
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Figure 4. Hydrogen Production Process Flow Diagram [9]. 

The cost of hydrogen per kg, depends on the capital, installation, operational cost of electrolyzer, 

and compressor and cost of electricity generated by the wind farm. The yearly repayment for the 

electrolyzer system and operating cost accounts for $ 728,828. Thus the cost of hydrogen delivered 

at 350 bars for the given year on an average is about $ 17.23. However, if the 4 MW electrolyzer 

is operated at a capacity factor of 85%, it can deliver hydrogen at 350 bars for $2.33.  

On current operational scenario, the electrolyzer is used to capture only the surplus electric power 

generated by the wind farm, hence it operates at a capacity factor of 6.7% which leads to the higher 

cost of hydrogen per kg. If a 3 MW electrolyzer is used in place of 4 MW system, the capacity 

factor of the electrolyzer will be 8.9% with cost of hydrogen at $13.69. If a 2 MW electrolyzer is 

used in place of 4 MW system, the capacity factor of the electrolyzer will be 11.6% with cost of 

hydrogen at $10.8. 

5. Feedlot Manure to Hydrogen Production 

Anaerobic digestion is more extensively used outside of the US where treatment of animal waste 

has been a concern for a longer time. An anaerobic digester is a vessel designed to retain 

decomposing manure for sufficient time at the designed operating temperature to allow the growth 
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of methanogenic bacteria in a "steady-state". Electricity and heat production are direct benefits of 

anaerobic digestion. The effluent of a digester has an earthy smell with some ammonia present. 

There are three basic types of reactors: vertical tank systems, horizontal or plug flow systems, and 

multi-tank systems. 

In vertical tank systems, loading and unloading of animal manure is usually done at the top of the 

system. While feed is being added to the system, an equal amount of the processed manure is 

continually removed from the system. Mechanical mixers (such as a set of baffles located axially 

at different heights) or agitators are employed to mix the feedstock well. 

In horizontal or plug flow digesters, feedstock added at one end pushes or displaces an equal 

amount of processed manure from the other end of the system which is typically a large rectangular 

pit covered by a flexible rubber dome. Rigid, fixed covers can also be used on top. This 

configuration is especially suitable for beef and dairy cattle manure with about 10% solids. 

In Multi Tank System or multiple phase systems, typically 2 tanks are used for digestion: tank 1 

or the primary tank is where acidogenesis takes place and the subsequent step of methanogenesis 

occurs in the secondary tank. 

Biogas needs to be cleaned and upgraded before it can meet specific standards for possible 

conversion to hydrogen. In order to upgrade biogas, most of the CO2 and H2S needs to be removed. 

Once the biogas is upgraded to the specific requirement, by steam reformation process, the biogas 

can be converted in to hydrogen. A schematic diagram of the vertical tank systems, horizontal or 

plug flow systems, multi-tank systems and process flow of methane to hydrogen conversion is 

shown in figure 5. 
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WT Nance ranch have about 1000 head feedlot, assuming all the manure produced by feedlot is 

used for biogas generation. On an average a beef cattle produce 125 lbs. of manure, for a 1000 

head feedlot, 125,000 lbs. of manure are produced per day. If a plug flow digester is used, 50,0000 

ft3/day of biogas can be produced.  

 

Figure 5. Different types of bio digester and process flow of conversion of biogas to hydrogen 
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Table 9. Cost estimation for Bio-digester and biogas to hydrogen conversion system 

Parameters Values/Cost 

Digester $ 350,000 

Solids separation $ 89,000 

Others $ 43,800 

Total Digester Capital Cost $ 482,800 

Gas quality enhancement equipment cost $ 197,400 

Net levelized total annual costs $ 111,492 

Annual Maintenance Cost $ 5,000 

Electric Power Requirement 413.8 MWh/y 

Annual Project Cost  $ 123,527/y 

Net Biogas produced 18,250,000 scf/y 

Net Natural gas equivalent gas produced 9,713,015 scf/y 

Cost of pipeline quality biogas 0.012 4/scf  

Net hydrogen produced 51,158 kg/y 

Cost of hydrogen per kg $ 10.07/kg 

6. Hydrogen Use in a Cross Market 

The hydrogen generated by surplus electric power generated from the wind farm cost $13.69 per 

kg. the ultrapure hydrogen from feed lot costs about $ 10.07 per kg. Due to relative high price of 

hydrogen, using in gas pipeline is not preferable in the adopted scenario. However the gas price 

fluctuates a lot, when ever the gas price is higher, hydrogen is mixed with the natural gas in WT’s 

boiler plant for hot water and heating system. The hydrogen is shipped in containers, rather than 
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pipeline, which helps in higher mixing rates of hydrogen (up to 25%) with natural gas and feed 

directly in the boiler. Urea production requires hydrogen, however high cost hydrogen will directly 

affect the price of urea.  

Storing the hydrogen and reusing it for electric power generation is one best possible scenario due 

to plants location and grid structure in Texas. Hydrogen can be used to generate electric power in 

several different ways. Due to its distinct physical and chemical properties, hydrogen can be used 

as fuel gas in fuel cells, or as a combustible fuel for internal-combustion engines and gas turbines 

or for generating steam in a aphodid burner. There is increased interest in the use of hydrogen as 

a fuel source for traditional or catalytic combustion because hydrogen creates none of the 

pollutants associated with fossil fuels--carbon monoxide, carbon dioxide, sulfur dioxide, 

particulates and photochemical oxidants. Hydrogen combustion with air results in water and 

smaller concentrations of oxides of nitrogen as byproduct. For the proposed project a non 

traditional approach is taken in converting the hydrogen in to electricity. Hydrogen combusted 

with pure oxygen results in pure steam, i.e.,  

2H2 + O2 → 2H2O 

The flame temperature for hydrogen combustion with oxygen is 3473 K [11]. The steam generated 

as a result of burning hydrogen and oxygen at stoichiometry is at a very high temperature. Due to 

the metallurgic restriction of the combustion chamber, it needs to be cooled by diluting it with 

water or steam to achieve the desired temperature. The potential application of this technique is in 

steam power plants and spinning reserve power plants [11]. In the early 1970s, H2/O2 combustion 

at stoichiometry for steam production was termed an “aphodid burner” [12]. WT has developed a 

thermodynamic cycle which can make use of hydrogen combustion for powper generation. The 

Proposed hydrogen hybrid Rankine cycle power plant which consist of a modified version of 
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rocket engine as steam generator, which can operate at different pressure and load conditions 

without a significant drop in performance. The generated steam enters the turbine at temperature 

up to 3000 o F (1650 o C) and turns the turbine. The turbine exhaust steam is at low pressure but 

hot, hence it is allowed to pass through condensing heat exchanger which helps in generating high 

pressure steam required for dilution at the oxy-hydrogen combustor. The entire system operates in 

a closed loop with zero emissions and high operation efficiency of up to 68.5 % HHV theoretically. 

A schematic chart of modified Rankine cycle is shown in figure 6. 

All elements except the Oxy-hydrogen combustor are well proven. The design and development 

of Oxy-Hydrogen Combustor done in West Texas A&M University, which paved the way to 

develop the Hybrid Rankine Cycle electrical generation system. 

The combustor is the game changer in achieving higher thermal efficiency because it can generate 

steam without creating pollution. It is capable of generating steam at higher temperatures and 

pressure almost instantaneously. This is not solely due to the combustor design, but because of the 

combustion characteristic of hydrogen and oxygen at stoichiometry which generates steam at high 

temperature. The resulting steam is diluted to required temperature by water and steam, which is 

directly injected in to the chamber resulting in instantaneous steam generation at desired temp A 

Hydrogen gas turbine power plant is no different than a combined cycle power plant, with reduced 

components, high operating efficiency and zero pollutant emissions. Thus the proposed plant is a 

highly flexible in operation and can operate as load following, spinning reserve or peaker power 

plant. One of its uniqueness is it employs a rotating generator which is capability to generate both 

real and dynamic reactive power which makes it outstanding when compared with other existing 

energy storage technology. A generator coupled with the turbine can generate dynamic reactive 
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power and can briefly generate VAR’s several times its rated capacity for tens of seconds due to 

its construction and spinning rotor which has electrical and mechanical inertia. 

 

 

Figure 6. Schematic Chat of Modified Rankine Cycle. 
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Advantages 

➢ Capable of operating as base load, peaker, load following and spinning reserve power plant. 

➢ Capable of ramping load up and down drastically without great effect in overall 

performance. 

➢ Eliminates the requirement for pollution control and air treatment equipment, which 

reduces the initial investment and operation cost. 

➢ Eliminates the requirement for condenser results in saving fresh water usage. 

The proposed HRC power plant is unique in nature, but its operational behavior and components 

are very similar to those of a combined cycle power plant. In fact, the proposed plant has fewer 

components than the advanced combined cycle power plant, so for simplicity the cost of a 

combined cycle power plant was used. The cost of new combined cycle power plant was taken 

from the U.S. Energy Information Administration’s “Annual Energy Outlook 2016” report. The 

assumed installation and operational cost of proposed power plant is listed in table 10. 

The cost per kWh of electricity produced by the re-electrification of hydrogen is calculated to be 

0.42 $/kWh. 

The price of electricity may not be a competitive value for normal load conditions, but it can be a 

competitive price during peak demand conditions where the price of electricity can be as high as 

1.25 $/kWh. Operating the hydrogen power plant. 
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Table 10 The Assumed Installation and Operational Cost of Proposed HRC Power Plant. 

Source: Data obtained from Annual Energy Outlook 2016 and tabulated by author [13].erature and 

pressure. 

Direct Capital Cost 

HRC Power Plant – 2 MW Total Cost 

No. of HRC Power Plant 1 Units 

$ 2,154,000 

Rated Power of HRC Power Plant 2,000 kW/unit 

Base Overnight Cost 1,026 $/kW 

Project Contingency Factor 1.05 - 

Technological Optimism Factor 1 - 

Total Overnight Cost 1,077 $/kW 

Fixed Operation and Maintenance Cost 

Fixed O&M Cost per kW 17.12 $/kW $ 34,240 /Year 

Variable Operation and Maintenance Cost 

Cost of Hydrogen per kg 13.69 $/kg 

$ 614,883 /Year 

Total Amount of Hydrogen Consumed 44,914 kg 
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7. Siting 

Nance ranch, property of West Texas A&M University is selected as the installation site for the 

proposed equipment’s. Nance ranch is about 3 miles east of canyon, with access to water, 

electricity and natural gas grid. Nance ranch also have a 13.4 KV line passing through it. Xcel 

energy is also planning to add additional line which can transmit up to 12 MW.   

 

 

Figure 7. Google Satellite view of Nance Ranch, with markings of existing and proposed 

infrastructure 
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8. Safety Analysis 

Hydrogen 

 Due to hydrogen being colorless and odorless sensors must be used to monitor gas leaks. 

With hydrogen having a high range of flammability even small leaks are a concern for causing a 

fire. Hydrogen has a light blue flame that is nearly invisible with a very concentrated flame that 

burns around 2045 °C. With the difficulty of spotting flames and the heat being so concentrated 

flame sensors should also be used to. Ventilation should also be in place to evacuate hydrogen 

into the atmosphere in the event of a leak. 

 

Oxygen 

 Oxygen can be very dangerous in high concentrations and should be kept away from 

flames as high concentrations of oxygen can enhance combustion of other substances. Oxygen is 

a strong oxidant and can react with combustible materials leading to fire and explosions. These 

risks can be mediated through the use of an oxygen sensor and keeping oxygen storage away 

from combustible and potentially uncontrolled flames. Ventilation should also be used in the 

case of a leak but since oxygen is heavier than air it may be necessary to utilize powered 

ventilation to push the oxygen out. 

Compressed Gas Storage Tanks 

 High pressure vessels pose threats to safety due to the large volumes (268.57m3 - 

277.17m3) of highly compressed gas (19,305kPa – 27,579kPa). These dangers are amplified by 

the natural properties of both hydrogen and oxygen.  
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 Tanks should be isolated from soil and moisture to prevent corrosion of the tanks leading 

to tank failure. Owners should regularly inspect their tanks for corrosion to identify points of 

potential failure early. Line corrosion along the length of the tank and corrosion near the neck of 

the tank are particularly dangerous and should be inspected by a professional immediately upon 

discovery.   

 Tests must be performed every 5 to 10 years by third party companies to determine if 

they are still safe to hold the pressures they are rated for. Hydrostatic tests need to be performed 

every 10 years and non-destructive tests can be performed in the 5 years between hydrostatic 

tests to help locate imperfections in the tanks.  

 Tanks must include pressure release devices in case the safe operating pressure is 

exceeded. This is done through rupture disks made to rupture before the tank does to create a 

controlled release. Tanks must be outfitted with vent tubes to redirect the pressure away from 

workers to prevent injury. Tank valves must include sheer protection that will shut off pressure 

in the event of a valve being damaged.  

 Other safety precautions include labeling tanks so those around them are aware of the 

dangers. Keeping tanks containing hydrogen and other flammable substances separated from 

tanks containing oxygen. Open flames should be prevented from the area that tanks are kept to 

minimize the risks of damaging the tanks or igniting any potentially leaking gas. 

Salt Caverns 

 An analysis by a federal task force was created in order to examine a leak from a salt 

cavern well in California. The task force’s assessment suggested rigorous monitoring of aging 
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wells to catch a leak early on. It is also suggested that a plan should be made to phase out any 

aging wells that have single point failure systems.  

 New wells should be designed with double barrier protection to prevent uncontrollable 

flow in the event of a failure. Continuous monitoring should be established to ensure that there 

are no leaks. Annual structural integrity tests should also be implemented to monitor the 

condition of the wells. Wells should include multiple parameters to examine the structural 

integrity of the wells. Corrosion logs should also be kept to monitor corrosion to determine if 

there is any noticeable increase in corrosion on any particular area signaling that there may be a 

problem.  

 An emergency action plan should be developed in case of a structural failure or leak of 

the contained gas. Plans should include who to contact in case of an emergency such as the local 

fire department. The plan should also include an analysis of the most likely points to fail on the 

well, potentially impacted communities, and what steps to take to prevent large scale leaks and 

reduce the negative impacts of the failure. 

Anaerobic Digester 

 Anaerobic digesters that utilize lagoons present the risk of drowning and require a 

combination of barriers such as fences and signs to prevent people from falling into the lagoon. It 

should also be taken into account that depending on the location of the lagoon and how the 

feedlot is built that there is a risk that livestock could fall into to the lagoon as well so any 

barriers that are present will need to be sufficient enough to keep livestock as well as 

unauthorized people out.  
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 Pressure buildup can occur during anaerobic digestion as biogas is produced from the 

manure. This can be mitigated through the use of a pressure gauge and pump that pulls biogas 

out of the digester into a storage tank once a certain pressure is reached. The resulting biogas 

also brings up concerns as it is flammable and contains corrosive hydrogen sulfide. The 

corrosive hydrogen sulfide can be removed through the use of a sulfur scrubber. The remaining 

biogas will have to be stored in a manner similar to the hydrogen and which would include 

isolation from sources of ignition, leak detection, and ventilation. 

 The digester will also have to be built either outside of the 100 year flood plain or will 

have to be built in a manner that it could resist damage from a flood. This is important as the 

large amount of bacteria inside of the digester could pose a threat to human health if it is released 

due to a flood. If built within the 100 year flood plain a flood management plan will have to be 

made and reviewed annually in the event of a release due to a flood. 

9. Environmental Analysis 

The purpose of this study is to assess the political, economic and environmental impacts of 

producing hydrogen from biomass. Hydrogen is a promising renewable fuel for transportation and 

domestic applications. Hydrogen is a secondary form of energy that must be manufactured like 

electricity. The promise of hydrogen as an energy carrier that can provide pollution-free, carbon-

free power and fuels for buildings, industry, and transport makes it a potentially critical player in 

our energy future. Currently, most hydrogen is derived from non-renewable resources by steam 

reforming in which fossil fuels, primarily natural gas, but could in principle be generated from 

renewable resources such as biomass by gasification. Hydrogen production from fossil fuels is not 

renewable and produces at least the same amount of CO2 as the direct combustion of the fossil 

fuel.  
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The production of hydrogen from biomass has several advantages compared to that of fossil fuels. 

The major problem in utilization of hydrogen gas as a fuel is its unavailability in nature and the 

need for inexpensive production methods. Hydrogen production using steam reforming methane 

is the most economical method among the current commercial processes. These processes use non-

renewable energy sources to produce hydrogen and are not sustainable. It is believed that in the 

future biomass can become an important sustainable source of hydrogen. Several studies have 

shown that the cost of producing hydrogen from biomass is strongly dependent on the cost of the 

feedstock. Biomass could be a low-cost option for some countries. Therefore, a cost-effective 

energy-production process could be achieved in which agricultural wastes and various other 

biomasses are recycled to produce hydrogen economically. Policy interest in moving towards a 

hydrogen-based economy is rising, largely because converting hydrogen into useable energy can 

be more efficient than fossil fuels and has the virtue of only producing water as the by-product of 

the process. Achieving large-scale changes to develop a sustained hydrogen economy requires a 

large amount of planning and cooperation at national and international alike levels. 

Anaerobic digestion is generally judged by many organizations, government agencies to be a 

sustainable method for reducing the strength and environmental impacts of waste and a way to 

produce renewable energy. Evidence for the “green” credentials of anaerobic digestion is found in 

the EPA’s AgSTAR initiative for manure management, the diverse availability of carbon and green 

energy credits for anaerobic digestion from both public (e.g. California’s climate reserve program, 

state renewable energy credit standards, the EPA’s Renewable Fuel Standard) and private 

(Terrapass) programs, and the efforts of many sustainable development efforts around the world. 

Detailed scientific analyses have compared the full life cycle carbon emissions of biogas from 

anaerobic digestion to alternative sources of fuels with positive outcomes. 
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Nevertheless, anaerobic digestion has come under environmental scrutiny in two major ways. First, 

the demonstrated “green” credentials of anaerobic digestion, as with any other green technology, 

cannot be viewed in isolation. If other methods are available to meet the same positive 

environmental attributes, but at a lower cost, there may be an environmental “opportunity cost” to 

using anaerobic digestion. Second, anaerobic digestion has been scrutinized for some 

environmental impacts, such as the potential for increased ammonia emissions and the creation of 

air contaminants associated with biogas combustion when compared to alternative methods of 

livestock waste management. While anaerobic digesters may reduce some environmental effects 

of concentrated animal livestock operations (CAFOs) – such as odor reduction – they do not 

mitigate all environmental impacts on large scale operations (e.g., water quality, air emissions). As 

such, they are not a panacea and should not be construed as a ‘silver bullet’ remedy for all the 

potential environmental impacts of CAFOs. The full environmental footprint of anaerobic 

digestion is complex and will vary depending on the application, management and design specifics 

of each project. 

9.1 Existing Environment, Potential Environmental Effects and Mitigation Measures: 

Soils & Geology: The top soil at the site is free draining while the subsoils are clayey tills that 

range from 12.5m to 34m thick. The underlying bedrock is limestone. The proposed changes will 

involve disturbance of the ground during the construction stage, but the impact will be limited, 

with no long-term effect. The wastewater treatment and percolation area will be designed and 

installed in accordance with the guidance issued by the Environmental Protection Agency, which 

will ensure the percolation area functions properly.  
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Water: Water is a scarce and valuable resource so as much water as possible will need to be 

preserved. The bio digester could result in an increase use of water so wastewater from the digester 

should be reused as often as possible to reduce excess water usage at the site. 

Climate: The climate in the area is extreme, with the prevailing winds. The proposed changes will 

not have any impact on the local climate. The reduction in reliance on nonrenewable sources of 

electricity will have a positive impact in reducing the facility’s overall carbon footprint.  

Air Quality: The proposed changes will mean a slight increase in the level of traffic to and from 

the facility with a consequent minor increase in exhaust emissions and dust.  

Odors: from the sludge treatment process should be controlled by an odor control system, installed 

in the facility which collects air and treats it in a series of scrubbers and filters.  

Noise: All waste processing is and will be carried out either indoors or in fully enclosed units. The 

proposed changes will have a neutral impact.  

Ecology:  

Landscape: The construction of the new buildings and tanks will change the appearance of the site 

and many the buildings will be visible from outside the site. The proposed external finish of the 

new buildings is in-keeping with the existing buildings and the changes will have a limited impact 

on the landscape.  
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Archaeology & Cultural Heritage:  

Material Assets & Natural Resources: The development will have a positive effect in that it will 

reduce reliance on energy from nonrenewable fossil fuels and the digestate will replace artificial 

fertilizers.  

Interaction of the Foregoing: The proposed changes have the potential to impact on human beings, 

through emissions to air, mainly with odor. The location, design and proposed method of operation 

have taken account of the potential cumulative effects of the proposed development to ensure that 

the facility will have an overall neutral to minor impact. 

9.2 Determine the hydrogen yield from different qualities of water: 

Some factors that are taken into account when determining how to optimize an electrolyzers 

performance and efficiency, the amount of water and the quality of water introduced into the 

electrolyzer. demineralized water is not a desirable median, it conducts current very poorly; for 

this when current is applied the water molecules do not separate quickly and decreases the systems 

efficiency and increases the systems electric consumption. For there to be an efficiency there 

would need to be an extreme increase in temperature. The conversion of demineralized water to 

hydrogen is less than 1-liter of demineralized water to 1-kg of hydrogen gas.  

The median most suitable for an electrolyzer is one that has an electrolyte in the water, such as 

ground water already containing minerals within it that may conduct a current better than that of 

demineralized water. There are preferred and optimal types of electrolytes for each of the 

electrolyzers: 
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Table 11. Preferred and optimal types of electrolytes for different types of electrolyzers 

Electrolyzer Type Electrolyte solution Electrolyte Membrane 

Alkaline Electrolysis Cells:  Potassium Hydroxide None 

Proton Exchange Membrane: Sodium Chloride Perfluorinated (Nafion)   

Solid Oxide Electrolyzer Cells:  None Yttria stabilised Zirconia 

 

9.3 Determine water quantity needs:  

The amount of water needed for a large scale hydrogen production in the United States was not 

known due to numerous differainting factors. The largest factor being the amount of water that 

will be utilized for the process, and the unknown impact it would have on the environment.  

In the 2004 report by National Research Council discussing the production of hydrogen, reports 

that the hydrogen production will be achieving 60 billion kg annually. This amount will be 

achieved through multiple means, not solely through electrolysis it is also done thermoelectrically. 

Some of the methods accomplishing the water splitting processes are, steam methane reformation, 

biomass, coal gasification, and electrolysis. With the main process for hydrogen production in a 

transitional economy is predicted by the Department of Energy (DOE) to be electrolysis.  

Dr. Webber from University Texas at Austin in 2007,  predicted that there will be potentially 19-

60 trillion gallons of feedstock water (feedstock means unprocessed material) used for these 

processes. This amount of feedstock water is both indirect and directly used, with the indirect 
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usage being a larger portion; this would be feedstock water not undergoing a water splitting process 

into hydrogen and oxygen but as cooling water. The indirect amount is estimated to be 195 billion 

gallons of water per day. While direct usage of feedstock water undergoing a water splitting 

process is 143 billion gallons of water; when including the evaporated water the amount annually 

is .5-1.7 trillion gallons. 

10. Conclusion 

Hydrogen is one of the known energy carrier, and hydrogen have a key role to play 

in the future energy mix. Though the price of electrolyzer, storage system and fuel 

cells are gradually dropping, optimum usage of electrolyzer is key to success of 

hydrogen economy. The team identify that, capturing excess power from renewables 

and converting that in to hydrogen through electrolysis is not an optimum way to 

operate an electrolyzer, since such scenario will drop the capacity factor of hydrogen 

electrolyzer which results in high cost of hydrogen per kg, making it economically 

worthless. The best possible scenario is to operate the hydrogen electrolyzer at 

higher capacity factor to reduce the cost of hydrogen which can be used in multiple 

market in an economically viable way.  
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