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Abstract 

To ensure roads are safe for travelers, state transportation departments often apply 

chemical deicers to highways during ice and snow events. The two chemical deicers used 

in Oregon are magnesium chloride and sodium chloride. Historically, only magnesium 

chloride was used. In 2012, the state began a pilot to apply sodium chloride to limited 

stretches of highway and saw a significant reduction in winter vehicle crashes on the 

affected routes. As a result, in 2017, Oregon expanded its use of sodium chloride to the 

major interstate highways across the entire state.  

 Oregon has strict environmental and sustainability rules. To ensure the state is 

complying with its own sustainability policies and statutes, a cradle-to-grave analysis of 

deicer environmental effects was conducted via individual life cycle assessments (LCA) 

of magnesium chloride and sodium chloride. To perform the life cycle assessments, I 

followed the International Organization for Standardization (ISO) standards ISO 

14040:2006 (principles and framework) and ISO 14044:2006 (requirements and 

guidelines) (ISO, 2006a; ISO, 2006b). The LCAs reviewed the environmental impacts of 

the mining, production, transportation and application of each deicer using a functional 

unit of 100 lane miles treated. Results were categorized into climate change impact, 

resource consumption, eco-toxicity impact via chloride emissions, and human health 

impacts.  

 For each deicer, I analyzed the environmental impact at its maximum application 

rate and minimum application rate, as well as the average application rate used by 

Oregon Department of Transportation (ODOT) over a five-year period. When comparing 

the LCA results of the maximum application rate of sodium chloride to the LCA results 



  

of the maximum application rate of magnesium chloride, sodium chloride exceeded 

magnesium chloride in every category but one. The same was true for a comparison of 

the minimum application rates for each deicer. The LCA results of the average 

application rates showed magnesium chloride emitted slightly higher greenhouse gas 

emissions, consumed slightly more electricity, and resulted in higher upstream chloride 

emissions to surface water and soil, while sodium chloride resulted in higher human 

toxicity units, higher upstream chloride emissions to ground water and higher 

downstream chloride emissions overall. 

 These life cycle assessments may be used by ODOT to fully evaluate its use of 

sodium chloride and magnesium chloride. The LCAs provide a case study into the 

detailed environmental influences of chemical deicer use on highways and provide a 

baseline for the agency to compare alternative deicers for use in the future. Additionally, 

this research, while specific to Oregon, may be used by transportation departments 

anywhere to advise policy.  
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Chapter I 

Introduction 

 

 The State of Oregon is legislatively committed to preserving local ecosystems and 

reducing carbon emissions to combat climate change (Oregon Revised Statute on Air 

Quality, 2015). All state government agencies must adhere to state statutes and executive 

orders, especially requirements related to climate change mitigation goals. The Oregon 

Department of Transportation (ODOT) is an executive agency subject to state laws and is 

one of three departments leading greenhouse gas reduction efforts for the entire state 

(Duncan et al., 2017). Sustainability is a core value of ODOT with a goal to “protect the 

needs of current and future generations” in Oregon (ODOT, 2017). ODOT has a robust 

Sustainability Plan regarding building structure and administrative operations; however, 

sustainability in highway maintenance has been one of the most difficult sectors for the 

Sustainability Program at ODOT to target (Crook, 2017). 

Severe winter weather storms occur infrequently in populated regions of Oregon, 

but over a five-week period from December 2016 through January 2017, there were five 

successive ice and snow storms in Portland, ranking that season as one of the most 

crippling winters in history (Erdman, 2017). These sequential storms resulted in policy 

changes that would allow sodium chloride (NaCl), or rock salt, to be purchased, stored, 

and dispersed along the Oregon highway system beginning with the 2017-2018 winter 

season (ODOT, 2017). In the past, to keep highways navigable in winter, ODOT used 

magnesium chloride (MgCl2) deicer in combination with other, non-chemical methods. 

Some Oregonians felt the decision to use NaCl may have been made in haste after a 
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particularly harsh 2016-2017 winter season and the state government did not consider the 

full environmental impacts of replacing MgCl2 with NaCl on some highways (Friedman, 

2017). Deicers have been known to erode vehicles and infrastructure, as well as 

contaminate groundwater (Shi, et al., 2009). Without knowledge of the environmental 

impacts of either deicer, it is impossible for the state to know if the decision to 

supplement with NaCl meets state goals toward reduced carbon emissions and 

sustainability. 

 

Research Significance and Objectives 

This thesis addresses the need to know the full environmental impacts of using 

MgCl2 or NaCl by conducting a cradle-to-grave life cycle assessment (LCA) of deicer 

use in Oregon. 

My objective is to perform life cycle assessments of magnesium chloride and 

sodium chloride deicer use in Oregon and compare the results. 

 

Background 

Anthropogenic climate change has caused an increase in severity and frequency 

of winter weather events, such as snowstorms and ice storms (Overland et al., 2016). As 

the Arctic and northern Atlantic water temperatures have increased and affected 

traditional jet stream patterns across the country, harsh winter storm events have occurred 

more frequently (Francis, Vavrus & Cohen, 2017). By the end of the 20th century, severe 

snowstorm incidences recorded in the United States had doubled over the previous 100 

years (NOAA, n.d.). 
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The changing jet stream patterns also pushed freezing temperatures into lower 

latitudes, to locations not commonly affected by cold winter storms (Kretschmer et al., 

2018; Overland et al., 2016). In early January 2018, snow and ice events plagued the 

eastern coastline of the United States from Maine to Florida (Beeler, 2018). The 

southeast corner of the country was not equipped to handle the snow and ice storms, 

because historically such events occurred very rarely. In Florida, most of the cities did 

not have snow or ice removal procedures and equipment, so the event brought affected 

locations to a standstill until temperatures warmed and the snow and ice melted 

(Golembo, Griffin, Shapiro & Katz, 2018). Georgia’s Department of Transportation 

temporarily relocated personnel and equipment from the northern part of the state to the 

southern and coastal areas to perform road maintenance because such equipment was not 

stored as far south and east as Savannah (Golembo, Griffin, Shapiro & Katz, 2018). 

Similar situations occurred in North and South Carolina as well.  

With continued warming of the oceans, rare winter events in previously 

unaffected areas may become more commonplace in the future. Officials in these 

locations will need to consider potential snow removal and chemical deicing methods 

going forward. Southern states will likely look to states in the north for guidance with 

winter road maintenance procedures and equipment expertise. Knowledge of potential 

environmental impacts from chemical deicing will be an important consideration. 

 

Environmental Impacts of Deicers in the United States 

 Sodium chloride is the most widely used chemical deicer in the United States, 

followed by magnesium chloride (Shi, et al., 2009; Ritthoff, 2011). Solid sodium chloride 
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is popular because it is inexpensive and abundant in the U.S. and is used by many states, 

including Minnesota, Michigan, Wisconsin, Iowa, Ohio, New York, Pennsylvania, 

California, Idaho, and Nevada (Lilek, 2017; ODOT, 2017). Magnesium chloride is 

favored in western states, Alaska and Colorado (Balakrishnan, 2015). The American 

Geosciences Institute estimates the U.S. spends $1.18 billion annually on sodium chloride 

to keep roads safe, while the Federal Highway Administration estimates a total of $2.3 

billion is spent per year on deicing and snow removal overall (Lilek, 2017; Balakrishnan, 

2015).  

The cost of safety on the roads has come at an environmental cost as well. 

Chemical deicers may have detrimental effects to concrete infrastructure, asphalt 

pavement, steel bridges, and the environment (Shi, et al., 2009). After application, the 

chemicals in the deicer may contaminate soil and water through runoff, modifying the 

chemical makeup of the local ecosystem (Shi, et al., 2009). 

 

Known Environmental Impacts of Sodium Chloride 

 Sodium chloride (salt) can change the structure of soil, reducing permeability and 

infiltration, and increasing the alkalinity (Davis, Waskom and Bauder, 2012). This 

reduces the ability of soil to retain water and allows the runoff to reach local water 

systems with ease (Minnesota Pollution Control Agency, 2018). Water contaminated with 

sodium chloride has a higher density than fresh water and settles at the bottom of ponds 

and lakes, preventing oxygen and other nutrients from mixing between the bottom layers 

and surface water (New Hampshire Department of Environmental Services, 2017). 

Runoff can also feed into local drinking water sources, increasing sodium levels at the 
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tap. This may be a human health issue for individuals needing to restrict their sodium 

intake for medical purposes. The Twin Cities Metro area applies 365,000 tons of sodium 

chloride annually and 30% of this finds its way into the Mississippi River through runoff 

(Minnesota Pollution Control Agency, 2018). In Dutchess County, New York, 60 to 90% 

of groundwater was determined to be contaminated by road salt (Balakrishnan, 2015). 

 Wildlife and pets are also at risk from the use of sodium chloride. Birds often eat 

rock salt crystals, mistaking it for seeds (New Hampshire Department of Environmental 

Services, 2017). This leads to premature death because birds are unable to digest sodium 

properly. Additionally, deer and moose are attracted to the roads to eat the salt, resulting 

in increased vehicle collisions (New Hampshire Department of Environmental Services, 

2017). Dogs have experienced vomiting, excessive thirst, muscle spasms, blood acidity, 

cardiac abnormalities, and seizures because of licking salty paws, ingesting solid road 

salts and from drinking runoff (Hautekeete, 2010). 

Nearby vegetation is also at risk from the use of sodium chloride because it can 

cause drought-like symptoms from being absorbed by roots of plants or accumulating on 

leaves, needles, and branches. In the state of Minnesota, vegetation as far as 650 feet 

away from the road has been affected using sodium chloride deicer (Minnesota Pollution 

Control Agency, 2018). The resulting salt left on the soil reduces soil fertility, making it 

difficult for vegetation to regrow and can lead to erosion of the soil (Cantaluppi & 

Hernandez, 2016). 

Sodium chloride is also linked to corrosion of automobiles and buildings 

(Ritthoff, 2011). Spray from tires moving through salt-treated roads can coat the vehicle, 

penetrating the porous clear-coat and causing rust by promoting the chemical reaction 
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between the car metal and water (Casey, Alwan, Kline, Landgraf & Linsenmayer, 2014). 

Similarly, solid sodium chloride and hydrous salt solutions sprayed from roads onto 

nearby buildings can seep into the pores of the building materials and, over time and 

temperature fluctuation, cause the envelope to crumble and deteriorate (Flatt, Caruso, 

Sanchez, & Scherer, 2014). 

 

Known Environmental Impacts of Magnesium Chloride 

 Magnesium chloride is linked to reductions in tensile strength, compressive 

strength, and microhardness of concrete bridge decks, requiring additional chemicals to 

be used as sealers and water repellant (Shi, et al., 2014). To combat the concrete 

degradation issue, some states allow only MgCl2 with rust inhibitor to be used on the 

highway system to slow the absorption of chlorides into roadway concrete mixes (ODOT 

2017; Northwest Snow Fighters, 2017). Despite the addition of a rust inhibitor, this deicer 

still degrades concrete strength at a higher rate than other rust-inhibited deicer types (Shi 

et al., 2010).  

 The effect of magnesium chloride on plants and wildlife is dependent on the 

concentration of the compound as it leaves the roadway and the type of rust inhibitor 

(Lewis, 1999). Concentrations around 0.1% (the expected concentration of runoff) 

showed no effect on plant life 20 feet from the roadway and posed no negative effects on 

boreal tadpoles in a controlled experiment (Lewis, 1999). These results depended on the 

compound concentrations matching theoretical values and did not account for actual 

amounts of applied deicer and real magnesium chloride concentrations. At 0.32% 
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concentration, the tadpoles experienced 50% mortality (Lewis, 1999), showing that 

deicer over-application by transportation departments had likely detrimental effects.  

Additionally, rust inhibitors including phosphorus may cause excessive amounts 

of the element to seep into the water system during runoff, beyond safe amounts (Lewis, 

1999). During winter, fresh water levels are lower, making it easier for deicer and rust 

inhibitor runoff to affect nutrient concentrations (Lewis, 1999). Excess phosphorus can 

lead to algae growth at rates faster than an ecosystem can handle (EPA, 2017). This can 

then lead to degraded water quality and decreased oxygen levels in the water, which is 

harmful to fish and other aquatic animals (EPA, 2017). Algal blooms (large growths of 

algae) can even result in elevated toxins and complete lack of oxygen that cause fish 

illness and death, and subsequent harm to humans if they ingest the tainted fish or 

encounter the polluted water (EPA, 2017). 

 Magnesium chloride has been shown to improve soil drainage and, when added to 

clay soils in a laboratory experiment, was found to stabilize the soil properties and 

improve the expansive and dispersive properties of the clay (Turkoz, Savas, Acaz, & 

Tosun, 2014). The presumed soil-friendliness of magnesium chloride allowed it to be a 

desired deicer in western states; however, overuse of the chemical was found to lead to 

chloride toxicity in plants and trees in Colorado by absorption through root systems 

(Goodrich & Jacobi, 2014). 

 

Oregon Deicer Use 

ODOT is a transportation agency that develops and maintains highways, roads, 

bridges, railways, public transportation, transportation safety programs, driver and 
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vehicle licensing, and motor carrier regulation in the state of Oregon (ODOT, 2017). As 

part of highway maintenance, ODOT must clear the roadways during inclement weather 

in winter. Winter maintenance and operations practices have historically included 

plowing snow, sanding material, and application of liquid deicer before an expected 

weather event and after snow or ice have accumulated on the highways (ODOT, 2017). 

The liquid deicer used was MgCl2 with rust inhibitor and the state adhered to chemical 

specifications outlined by Pacific Northwest Snow Fighters (PNS), a consortium of 

western states and provinces (ODOT, 2017). As of the last iteration of approved deicers 

on the qualified products list, states in the Pacific Northwest could use 18 different types 

of magnesium chloride, at varying concentrations, from eight different manufacturers 

(Table 1) (Pacific Northwest Snow Fighters, 2017). This table reflects the allowed 

products and manufacturers, concentrations, and corrosion rate effectiveness. Of these, 

ODOT allows products manufactured by Compass Minerals and Envirotech Services 

(ODOT, 2018). 
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Table 1. Approved magnesium chloride products for use in the Pacific Northwest 

(Northwest Snow Fighters, 2017). 

 

 

Salt Pilot Project 

 Beginning in 2012, ODOT implemented phase 1 of the salt pilot project (ODOT, 

2017). This pilot allowed ODOT to apply solid NaCl to 11 miles of Interstate 5, from the 

California border heading north and 121 miles of U.S. 95 from the Nevada border to the 

Idaho border in the southeast corner of the state. The rationale for using sodium chloride, 

rather than magnesium chloride, in these stretches of highway was to create similar 

driving conditions for vehicles travelling from states that use NaCl into Oregon (ODOT, 

2017). From a safety perspective, the pilot was successful. Before the pilot, Interstate 5 

averaged 30 vehicle crashes on an annual basis and U.S. 95 averaged 26 (ODOT, 2017). 

After the pilot, average vehicle crashes on Interstate 5 reduced to 22 and U.S. 95 reduced 

to 20; a change of -27% and -23%, respectively (ODOT, 2017). ODOT is attributing the 

vehicle crash reductions to the use of salt. 
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The touted safety improvements and severe 2016-2017 winter weather led to the 

expansion of the salt pilot project in November 2017. Phase 2 allowed ODOT to use 

sodium chloride on approximately 200 miles of Interstate 84 from the Idaho border to 

Boardman, OR along the Columbia River and 100 miles on Interstate 5 from the 

California border north to Canyonville, OR (ODOT, 2017). As part of this pilot, ODOT 

may also apply sodium chloride to any remaining stretches of Interstate 84 and Interstate 

5 within the state, providing it is warranted by a severe winter storm (ODOT, 2017). 

Figure 1 displays a map of the phase 1 and phase 2 application areas. The goal is to 

improve safety along the heavily used corridors of the state and provide uninterrupted 

movement of people and goods. The agency is currently evaluating the option to use 

sodium chloride statewide on all major highways and state routes. 

 

 

Figure 1. Map of phase1 and phase 2 of the Oregon Salt Pilot Project (ODOT, 2017). 

Phase 1 is shown in green and phase 2 is shown in purple. The blue dashes indicate areas 

where NaCl may be applied on an exception basis. Prior to 2012, no salt was used 
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The approved sodium chloride is solid rock salt without rust inhibitor (ODOT, 

2017). There is one approved solid NaCl product allowed to be used on Oregon highways 

from one manufacturer, Compass Minerals (Northwest Snow Fighters, 2017). The full 

environmental impact of using salt has not been quantified in Oregon, nor has it been 

compared to the quantitative environmental impacts of MgCl2. Analyzing the full 

environmental impact of both deicers would provide ODOT with more tools to 

effectively balance the safety of passengers with the protection of the ecological 

surroundings. 

 

 

Oregon State Statutes and Executive Orders 

 The state of Oregon has legal statutes and executive orders related to sustainable 

activities that governing agencies must abide by. These are intended to ensure Oregon is 

a thriving and prosperous state for generations to come. 

 

Green Chemistry Executive Order 

 Oregon implemented green chemistry requirements through Executive Order 12-

05, Fostering Environmentally-Friendly Purchasing and Product Design (Kitzhaber and 

Brown, 2012). This executive order required that Oregon state agencies only purchase 

products that were made without using any of the toxic chemicals on the Oregon 

Department of Environmental Quality’s (DEQ) Toxics Focus List (2012). The DEQ then 

labeled 51 chemicals or groups of chemicals in various categories as toxic (Table 2) 

(Masterson, 2012). Without completing a full environmental impact analysis on the 
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mining and production of the chemical deicers, it is possible that Oregon’s choices of 

magnesium chloride and sodium chloride are noncompliant with Executive Order 12-05. 

 

Table 2. Oregon DEQ complete list of toxic chemical categories (Masterson, 2012). 

 

 

Oregon Air Quality and Water Quality Revised Statutes 

 Oregon has two revised statues (laws) applicable to preserving the environment: 

ORS 468A: Air Quality and ORS 468B: Water Quality (Oregon Revised Statute on Air 

Quality, 2015; Oregon Revised Statute on Water Quality, 2015). In the chapter 

preserving air quality for Oregonians (ORS 468A), the state legislature has laid out 

greenhouse gas reduction goals for the entire state. By 2020, Oregon must achieve 
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greenhouse gas reduction levels that are 10 percent below emissions levels in 1990 

(2015). By 2050, the state must also reduce greenhouse gas emission levels by 75 percent 

below 1990 levels (2015).  

 Water quality in the state is also protected under state statute ORS 468B (Oregon 

Revised Statute on Water Quality, 2015). Under this statute, it is prohibited to “cause 

pollution of any waters of the state…in a location where such wastes are likely to escape 

or be carried into the waters of the state by any means” (2015). It is also prohibited to 

“discharge any wastes into the waters of the state if the discharge reduces the quality of 

such waters below the water quality standards established by rule” (2015). 

 

Research Question, Hypothesis and Specific Aims 

My research will answer two questions. What are the cradle-to-grave 

environmental impacts of magnesium chloride and sodium chloride in Oregon and how 

do they compare to one another? Which deicer should ODOT be using on the highways 

to meet Oregon’s greenhouse gas reduction goals? I hypothesize that:  

 Magnesium chloride has a smaller global warming impact on Oregon than sodium 

chloride; 

 Magnesium chloride has a smaller overall environmental impact on Oregon than 

sodium chloride. 

 

Specific Aims  

1. Research the chemical makeup, extraction and production methods of magnesium 

chloride and sodium chloride. 
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2. Gather information about material density and dilution to determine the functional 

unit. 

3. Obtain information about how magnesium chloride and sodium chloride are 

functionally used in Oregon.  

4. Define goal and scope; perform analysis, impact assessment, and interpretation. 

This includes defining the system boundaries of the life cycle assessments. 

5. Create process tree with all applicable inputs and outputs of magnesium chloride 

and sodium chloride in Oregon. 

6. Analyze global warming potential, eco-toxicity potential, human toxicity 

potential, and resource impacts of magnesium chloride and sodium chloride 

resulting from mining and acquisition, transportation, and application to the 

roadway.  

7. Compare the results of each life cycle assessment. 

8. Share the results with ODOT. 
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Chapter II 

Methods 

 

 The International Organization for Standardization (ISO) provides principles, 

framework, requirements, and guidelines to complete life cycle assessments through ISO 

14040:2006 and ISO 14044:2006 (2006a; 2006b). These standards comprise of four 

stages: defining the goal and scope, life cycle inventory analysis, life cycle impact 

assessment, and interpretation of results (Figure 2) (ISO, 2006; Koffler, 2017). 

 

 

Figure 2. Four stages of life cycle assessment methodology framework (ISO, 2006; 

Koffler, 2017). 
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Goal and Scope Definition 

 In the first stage of the LCAs, I defined the goals, scopes and system boundaries. I 

specified the functional unit to develop a basis for comparison and determined the level 

of detail necessary to complete my analysis.  

To define the goal and scope, I analyzed the ODOT Qualified Products List for 

approved deicers in Oregon and reviewed each deicer’s manufacturer data to determine 

chemical-specific information. The ODOT Qualified Products list allows ODOT to 

purchase magnesium chloride from two manufacturers, Compass Minerals and 

EnviroTech Services, Inc. For solid sodium chloride, ODOT sources all product from 

Compass Minerals. All deicers are distributed through Dustbusters Enterprises Inc in 

Evanston, WY (Rattay, 2015).  

 I defined the system boundary early in the research process. For both magnesium 

chloride and sodium chloride, the system boundaries included; the extraction and 

production of the salts from brine, the transportation of the products to the distribution 

facility in Wyoming, transportation from the delivery of the products to ODOT facilities 

in Oregon, and application to the roadway. Unused deicer is stored for the following year, 

so disposal is not necessary. For the purposes of these LCAs, application to the road 

system is considered both use and disposal. Runoff from the use is included in the system 

boundary to examine the chloride emissions to the environment. 

 

 

Figure 3: System boundary process flow for both deicers. 

Mining →
Production of 

road salts
→

Transportation 

from 

manufacturer to 

distributer

→
Transportation 

from distributer to 

ODOT

→
Application to 

roadway
→ Runoff
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I defined the functional unit as the amount necessary to treat 100 lane miles of 

highway. For solid sodium chloride, the functional unit is the mass necessary (in tons) to 

treat 100 lane miles. Magnesium chloride deicer is a liquid solution, so the functional unit 

is the volume of the liquid necessary to treat 100 lane miles. For the purposes of the LCA 

and calculations, I determined the amount of mass (in tons) of the magnesium chloride 

compound in the brine solution per 100 lane miles. 

 

Life Cycle Inventory Analysis 

 During the life cycle inventory (LCI) stage, I defined the relevant inputs and 

outputs associated with the production, transportation, and use of sodium chloride and 

magnesium chloride deicers. Inputs included the raw material from extraction, any 

compound added during production, energy used during production, and transportation 

methods and distances. Energy from storage and loading/unloading of magnesium 

chloride and sodium chloride were not included within the system boundary of these 

LCAs because energy consumption data were not available at the pump station or salt-

shed levels. At the vast majority of ODOT sites, electricity meters are shared among 

multiple buildings with limited access to system-level, or even building-level energy use. 

Additionally, construction and materials related to the storage facilities for the deicers 

were not included in the scope of these LCAs because ODOT does not have standard 

construction design for all sites; each location has specific considerations the buildings 

must adhere to. 

I reviewed the sustainability report for Compass Minerals to obtain primary data 

related to the energy consumption during the mining and refinement of both deicers, as 
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this is the primary source of magnesium chloride solution and only source of solid 

sodium chloride in Oregon. Limited information was available through EnviroTech 

Services, Inc, so primary data from this manufacturer was not included in the magnesium 

chloride LCA. Both Compass Minerals and EnviroTech mine the deicer from the Great 

Salt Lake in Utah using similar methods, so using the primary data from Compass 

Minerals was reasonable within the system boundary of the LCA. From 2013 – 2017, 

Compass Minerals reported an average of 0.08 gigajoules (GJ) of electricity were 

consumed for each ton of product produced (Malecha, 2017). This rate applies to both 

magnesium chloride and sodium chloride.  

To determine the relevant transportation inputs, I located all of the ODOT 

maintenance station sites that included magnesium chloride storage tanks as well as all of 

the salt shed sites. I used Google Maps to estimate the distance between the production 

facility in Ogden, UT, the distributer in Evanston, WY and each storage facility in 

Oregon.  

Once I determined all of the appropriate inputs to the LCAs for each deicer, I 

entered the data into OpenLCA, an open source life cycle assessment software. I used the 

Ecoinvent 3.5 database to acquire a detailed inventory list of environmental flows 

associated with magnesium chloride and sodium chloride. 

 

LCA Inputs from Production, Transportation, and Application of MgCl2 

 Magnesium chloride is mined from the Great Salt Lake via a solar evaporation 

process in which raw brine is pumped from the lake into a series of three holding ponds 

(Malecha, 2017). In each pond, the concentrations of magnesium and chlorine are 
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increased as water evaporates and other minerals such as sodium, lithium, and potassium 

are extracted (Tripp, 2009). By weight, the remaining brine in the third holding pond is 

made up of 8.5% magnesium, 22.6% chlorine and 4.2% sulfate, with trace amounts of 

boron and leftover sodium, lithium and potassium (Tripp, 2009). At this point, less than 

one percent of the total volume of original brine is left (Tripp, 2009). 

In the remaining brine, sulfate ions are bonded to the magnesium ions in the form 

of magnesium sulfate (MgSO4). This is not a desirable salt to have in the final 

magnesium chloride product, so calcium chloride (CaCl2) is added to the brine after it has 

been pumped into desulfation reaction tanks. The resulting chemical reaction (equation 1) 

provides calcium sulfate (CaSO4) and pure magnesium chloride compounds. The CaSO4 

is extracted and the remaining solution is a brine that is approximately 30% magnesium 

chloride, less than 1% trace minerals and the remainder water (Pacific Northwest Snow 

Fighters, 2018; Tripp, 2009). This is the solution that is applied during winter road 

maintenance. 

 

Equation 1: Chemical reaction to remove MgSO4 from brine (Tripp, 2009). 

𝑀𝑔𝑆𝑂4 + 𝐶𝑎𝐶𝑙2 =  𝐶𝑎𝑆𝑂4 + 𝑀𝑔𝐶𝑙2 

 

Using stoichiometry, I calculated that 110.98 grams of calcium chloride must be 

added to the brine to produce 95.21 grams of magnesium chloride in this reaction, for a 

ratio of 1.17. For each ton of magnesium chloride produced, 1.17 tons of calcium 

chloride are added to the brine during the desulfation process. I added this as an input in 

OpenLCA. 
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 When ODOT needs to apply deicer to the highway system, maintenance workers 

pump the liquid onto state-owned heavy trucks and disperse a range of 15-60 gallons per 

lane mile, or 1,500-6,000 gallons per 100 lane miles (ODOT, 2018). The amount applied 

is dependent upon the pavement temperature, rate of snowfall per hour, and whether the 

precipitation is freezing rain, freezing fog, or sleet (ODOT, 2018). 

 Pure anhydrous magnesium chloride has a density of 2.32 g/cm3
 and pure water 

has a density of 1.0 g/cm3 (Lewis, 1997). The magnesium chloride deicer brine, by 

volume, is essentially 30% magnesium chloride and 70% water, so this solution has a 

density of 1.396 g/cm3
. Using this value, I calculated 8.7 tons of solution are used on the 

low end to treat 100 lane miles and 35 tons of magnesium chloride solution are used on 

the high end. Of this solution, the amount of the MgCl2 compound ranges from 2.62 tons 

to 10.49 tons.  

To determine the total impact based on transportation, I multiplied the mass of 

magnesium chloride by the distance travelled via lorry in OpenLCA, in units of tons-

miles. This included the distance travelled from the production facility in Ogden, UT to 

Evanston, WY; the average distance travelled from Evanston to the containment sites in 

Oregon; and the 100 lane application miles based on the functional unit. The deicer 

solution is transported via 50-ton long-haul trucks from the production facility in Ogden, 

UT to a distribution site 104.6 miles away in Evanston, WY. From the distributer, it is 

then delivered to 49 sites across the state of Oregon, still via heavy freight trucking 

(Malecha, 2017; Pacific Northwest Snow Fighters, 2017; ODOT, 2018). A list of the 

Oregon cities that contain magnesium chloride storage is shown in table 3. The average 

distance between the distribution site and the ODOT maintenance stations is 818 miles.  
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Table 3: ODOT magnesium chloride storage sites and the distance from distributer 

(ODOT, 2019). 

 

 

LCA Inputs from Production, Transportation, and Application of NaCl 

 Sodium chloride is produced as part of the magnesium chloride production 

process (Tripp, 2009). In the Compass Minerals solar evaporation ponds, sodium chloride 

is naturally occurring and as the water evaporates, the solid sodium chloride crystals rise 

to the surface and perimeter of the ponds, then are collected and stored (Malecha, 2017). 

The Great Salt Lake has a 13% salinity level when the lake is at its average height of 

4,200 feet, with a range of 5% at the south end of the lake to upwards of 27% at the north 

end (Utah Geological Survey, 2010). The vast majority of this salinity is in the form of 

sodium chloride (Brock, 1974). Using this average, I determined that 1,600 gallons of 

lake brine, or 6.8 tons, are required to produce one ton of solid sodium chloride. Compass 

Minerals does not differentiate between the amounts of energy used in the production of 

magnesium chloride versus the energy used to produce sodium chloride, therefore this 

study uses the same amount of energy in gigajoules (GJ) per ton of product for both 

deicers. 

 Sodium chloride is transported from the production site in Ogden, UT to the same 

distribution facility 104.6 miles away in Evanston, WY via heavy freight trucks 

Sites with MgCL2 

Deicer

Miles from 

Evanston, 

WY

Sites with MgCL2 

Deicer

Miles from 

Evanston, 

WY

Sites with MgCL2 

Deicer

Miles from 

Evanston, 

WY

Sites with MgCL2 

Deicer

Miles from 

Evanston, 

WY

Sites with MgCL2 

Deicer

Miles from 

Evanston, 

WY

Adel 635 Burns 590 Hood River 770 Mist 884 Sandy 830

Albany 901 Chiloquin 761 Jordan Valley 484 Newberg 854 Seaside 911

Ashland 827 Clatskanie 886 Juntura 532 Ontario 459 Sisters 742

Baker City 530 Coos Bay 958 Klamath Falls 763 Oregon City 843 Spray 661

Banks 857 Detroit 799 Linnton 840 Otis 923 Stayton 836

Bates 537 Estacada 836 Madras 752 Pendleton 624 The Dalles 749

Beaverton 840 Eugene 848 Maupin 785 Portland 832 Tillamook 905

Bend 721 Flora 675 McKenzie Bridge 795 Riley 623 Troutdale 818

Brothers 679 Grand Ronde 903 Meacham 597 Roseburg 887 Wolf Creek 883

Buell 898 Grants Pass 864 Milwaukie 837 Rufus 724 Average distance 818
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(Malecha, 2017; ODOT, 2018). Salt sheds are located in 12 sites across Oregon with a 

median distance from the distributer of 539 miles. A list of salt shed sites in the state is 

shown in Table 4. 

 

Table 4: ODOT salt shed sites and the distance from the distributer (ODOT, 2019). 

 

 

During inclement weather, ODOT applies solid sodium chloride to the highways 

at a rate of 100 – 500 pounds per lane mile, or 5-25 tons per 100 lane miles (ODOT, 

2018). The application rate is dependent upon pavement temperature, precipitation type 

and frequency (ODOT, 2018). Sodium chloride is deemed to be most effective at near-

freezing temperatures and the lower the pavement temperature or heavier the snowfall, 

the higher the deicer application rate (ODOT, 2018). 

 

Deicer Runoff and Chloride Emissions 

 After a storm event, the deicers are left on the road system to be washed away as 

runoff from melting precipitation, as well as subsequent precipitation incidents. 

Approximately 91% of applied deicer is immediately released into the environment 

through the runoff, with an estimated 9% lost to evapotranspiration, collection on 

Site of salt shed

Miles from 

Evanston, WY Site of salt shed

Miles from 

Evanston, WY

La Grande 546 Cascade Locks 762

Baker City 503 Irrigon 642

Basque 533 Ontario 432

Pendleton 596 Echo 618

Jordan Valley 457 Ladd Canyon 542

Hermiston 625 Mission 593

Average distance 539
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vehicles, and absorption into nearby infrastructure (Denich, Bradford, and Drake, 2013). 

When the deicers mix with precipitation, the compounds dissociate into Na+
, Cl-

, Mg2+ 

ions (Kotalik, Clements, and Cadmus, 2017). The percentages of chlorine in sodium 

chloride and magnesium chloride are 60.66% and 74.47%, respectively; therefore the 

amount of chloride emissions to the environment is equal to the mass percent of chlorine 

in each deicer times the total mass of deicer needed to treat 100 lane miles, then 

multiplied by a factor of 91%.  

 Results from a recent study on winter salt bio-retention indicated on average, 

across tested mesocosms, 44.6% of chloride emissions washed away with storm runoff to 

nearby surface waters immediately, with the remaining amount being absorbed into the 

soil. After simulations of precipitation events over what would be similar to a one-year 

time-frame, 5.8% of the original chloride mass was still detected in the soil, indicating a 

total of 49.6% of original chloride emissions made their way to ground water (Denich, 

Bradford, and Drake, 2013). I applied these ratios to the total chloride emissions to 

determine the amount of chloride emitted to surface water, ground water, and soil from 

each deicer. 

  

Life Cycle Impact Assessment 

 The Ecoinvent 3.5 database provided multiple impact assessment tools to 

categorize the inventory list into environmental impacts. For these LCAs, I used the 

International Reference Life Cycle Data (ILCD) 2.0 2018 midpoint assessment method to 

characterize and categorize the results into climate change impacts, ecosystem quality 

impacts, and human health impacts, and resource impacts. Within the impact assessment 
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categories provided by the ILCD 2.0 2018 LCIA model, I focused on greenhouse gas 

emissions, chloride emissions to the environment, toxicity to humans, and the overall 

electricity impact from the production phase of each deicer. Greenhouse gas emissions 

and chloride emissions are of importance to Oregon because they are covered under the 

air quality and water quality state statutes, respectively. Toxicity to humans is a relevant 

focus because the sole purpose of using deicers on the highway is to improve safety 

during travel. I also added electricity as an impact category to direct attention to the 

ongoing energy needed to treat highways during winter events. Much of electricity is 

generated through fossil fuels and should things like carbon taxes and scope 3 greenhouse 

gas emissions reporting become commonplace in the United States, this information can 

be used to inform transportation departments going forward. 

Using the midpoint method, also known as the problem-oriented approach, 

allowed me to limit the uncertainty of the model by restricting the quantitative results to 

primary changes in the environment caused by the production, distribution and 

application of sodium chloride and magnesium chloride (Menoufi, Castol, and Cabeza, 

2011). These results provided the cradle-to-grave greenhouse gas emissions and 

electricity consumption, along with the upstream chloride emissions and human health 

impact. Upstream results included the effects up until the point of application. I 

calculated the ecosystem impacts of the chloride emissions from runoff separately, and 

presented them as downstream emissions because these emissions occurred after the 

application. OpenLCA provided the ability to model disposal of some flows, but these 

did not apply because the deicers were not technically disposed of. I then presented the 
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downstream information in addition to the upstream chloride emissions provided by the 

output dataset in OpenLCA.  

 

Interpretation 

 In this stage of the analysis, I analyzed model sensitivity by reducing the miles 

transported and electricity consumed during production by 10% each, while keeping all 

other inputs constant and comparing the results. Determining the sensitivity caused by the 

mass was inherent in the modelling due to the fact that I ran simulations based on the 

upper and lower limits of deicer use per 100 lane miles. Most inputs of the model, with 

the exception of amount of deicer applied, were not under the control of ODOT. 

Transportation miles were somewhat under the purview of ODOT because ODOT chose 

the locations of the storage facilities as well as the distributer; therefore, I analyzed this 

category. Additionally, I chose electricity consumption during the production phase to 

determine if further analysis was needed on electricity consumed during storage. Other 

inputs, while possibly having a strong effect on the environmental impacts, were 

dismissed in the sensitivity analysis.  

By holding all inputs constant while changing one at a time, typical sensitivity 

provides relative sensitivity between the inputs, but does not provide a full picture of the 

sensitivity and uncertainty of all of the parameters inherent to the model (Groen, 

Heijungs, Bokkers, and Boer, 2014). To determine the uncertainty of the analysis results, 

I utilized the Monte Carlo simulation option available in OpenLCA. The Monte Carlo 

simulation ran 100 iterations of each model and, through each iteration, randomly 

changed all input values to determine a probable mean for each of the LCA impacts. This 



 26 

allowed me to compare the full analysis using Ecoinvent to the Monte Carlo averages. 

The Monte Carlo simulation provided a better depiction of the uncertainty within the 

model assumptions and allowed me to determine the variance (Antwi, 2010).  

 

Actual Application Rates 

The amount of deicer applied in a given winter season varies year-over-year. The 

majority of this study analyzed the environmental impact for each deicer at both the 

upper and lower limits ODOT has designated as allowable application rates in order to 

capture the impacts in their entirety. While the true environmental impacts lie within 

these limits, it is also important to depict a “most-likely” scenario.  To determine such a 

scenario, I analyzed actual deicer usage amounts over five recent winter maintenance 

seasons to determine the probable environmental impacts within the designated lower and 

upper limits.  

In late 2017, ODOT released its final report summarizing the Winter Salt Pilot 

Project from November 2012 through April 2017. In this report, the agency provided the 

actual amounts of sodium chloride applied in two districts, amounts of magnesium 

chloride procured for the same two districts, total number of lane miles treated, number 

of storm occurrences, and rates of application. The shaded cells in tables 5-8 reflect data 

that was pulled directly from the report (ODOT Maintenance and Operations Branch, 

2017). Cells in white were extrapolated based on the data to determine an average 

application rate over the five year period. On average, 11.2 tons of sodium chloride were 

applied per 100 lane miles and 9.0 tons of magnesium chloride would need to be applied 

to cover the same number of lane miles. 
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The report focused on the use of sodium chloride and, as such, the data presented 

was far more detailed for this deicer. The amount of magnesium chloride purchased was 

provided in the report; however this may not have been equal to the amount of 

magnesium chloride applied. Actual usage quantities were unavailable and were 

assumed. ODOT often has magnesium chloride stored over the warmer months; 

therefore, I assumed the amount of magnesium chloride applied was 90% of the amount 

purchased during the same winter season, with a maximum of 60 gallons per lane mile 

per the Winter Maintenance Strategy. I also assumed the number of miles treated were 

the same as what were reported for sodium chloride to provide a fair comparison of the 

two deicers. It is very plausible that more lane miles were treated with magnesium 

chloride than sodium chloride during the pilot period because the maintenance crews 

were already familiar with using this particular deicer for severe weather and sodium 

chloride was meant to be used only in extreme circumstances.  

 

Table 5: District 8 summary of sodium chloride use during the Winter Salt Pilot Project 

(ODOT Maintenance and Operations Branch, 2017). 

 

 

 2012-13 2013-14 2014-15 2015-16 2016-17

NaCl applied (tons) 254 116 71 596 693

Total area treated (total lane miles) 2065 866 688 4572 6095

Number of storm events NaCl was used 8 7 9 25 13

Highest rate (lbs per mile) 436 300 300 300 300

Lowest rate (lbs per mile) 84 150 150 100 100

Average rate (lbs per mile) 246 268 206 260 227

Tons per storm 31.75 16.57 7.89 23.84 53.31

Tons per lane mile 0.12 0.13 0.10 0.13 0.11

Tons per 100 lane miles 12.30 13.39 10.32 13.04 11.37

District 8 sodium chloride application summary
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Table 6: District 14 summary of sodium chloride use during the Winter Salt Pilot Project 

(ODOT Maintenance and Operations Branch, 2017). 

 

 

Table 7: District 8 summary of magnesium chloride deicer purchased during the Winter 

Salt Pilot Project (ODOT Maintenance and Operations Branch, 2017). 

 

 

Table 8: District 14 summary of magnesium chloride deicer purchased during the Winter 

Salt Pilot Project (ODOT Maintenance and Operations Branch, 2017). 

 

  

 2012-13 2013-14 2014-15 2015-16 2016-17

NaCl applied (tons) 68 84 68 305 415

total area treated (total lane miles) 713 802 633 2764 4310

Number of storm events NaCl was used 4 11 12 38 27

Highest rate (lbs per mile) 300 240 225 230 230

Lowest rate (lbs per mile) 150 150 186 216 150

Average rate (lbs per mile) 190 209 215 220 192

Tons per storm 17.00 7.64 5.67 8.03 15.37

Tons per lane mile 0.10 0.10 0.11 0.11 0.10

Tons per 100 lane miles 9.54 10.47 10.74 11.03 9.63

District 14 sodium chloride application summary

2012-13 2013-14 2014-15 2015-16 2016-17

Liquid deicer MgCl2 purchased (gallons) 311,661 311,661 311,661 311,661 311,661 

Total area treated (total lane miles)* 2,065     866       688       4,572     6,095     

Gallons per lane mile ** 60.0 60.0 60.0 60.0 51.1

Tons MgCl2 compound per 100 lane miles 10.5 10.5 10.5 10.5 8.9

** If the gallons per lane mile exceeded the maximum amount allowed, max application amount was used

District 8 magnesium chloride purchase summary

* Assumed to be the same miles treated in the ODOT salt pilot report

2012-13 2013-14 2014-15 2015-16 2016-17

Liquid deicer MgCl2 purchased (gallons) 42,605   48,897   108,498 141,895 42,770   

Total area treated (total lane miles)* 713       802       633       2,764     4,310     

Gallons per lane mile 53.8 54.9 60.0 46.2 8.9

Tons MgCl2 compound per 100 lane miles 9.4 9.6 10.5 8.1 1.6

* Assumed to be the same miles treated in the ODOT salt pilot report

** If the gallons per lane mile exceeded the maximum amount allowed, max application amount was used

District 14 magnesium chloride purchase summary
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Chapter III 

Results 

 

 The LCIA results were categorized into climate change, ecosystem quality, 

human health, and resources impacts via the ILCD 2.0 2018 LCIA model. Using the 

results from the Monte Carlo analyses, I was able to determine the mean of the results 

with a 95% confidence interval, providing 95% probability that the true mean of the 

impact category lied within the range. Within the impact categories, I focused on 

greenhouse gas emissions (climate change), upstream chloride emissions to the 

environment (ecosystem quality), morbidity (human health) and electricity (resources). 

The models automatically linked associated processes to provide a full picture of the 

upstream and downstream impacts, then sorted the results according to the attributing 

process flows. Complete output tables are listed in Appendix A. Table 9 provides a 

summary of the focused results for the upper and lower application limits for each deicer. 

 

Table 9: Summary of LCIA outputs reflecting the maximum and minimum applications 

amounts of sodium chloride and magnesium chloride to ODOT highway. 

 

 

 

Results from Ecoinvent 

3.5 Monte Carlo Analysis 

(95% confidence)

GHG Emissions 

to Atmosphere

Upstream Human 

Health Impact

Electricity 

Consumed

  kgCO2eq x10^3

Cl- to Surface 

Water (kg)

Cl- to Ground 

Water (kg)

Cl- to Soil 

(kg)

CTUH 

x10^-3
GJ

Sodium Chloride 

(upper limit)
38.5 ± 2.56 99.4 ± 7.12 137 ± 14.0 0.934 ± 0.140 18.8 ± 2.40 513 ± 34.0

Sodium Chloride 

(lower limit)
7.80 ± 0.555 20.1 ± 1.46 27.8 ± 2.94 0.197 ± 0.0628 3.64 ± 0.488 105 ± 7.45

Magnesium Chloride 

(upper limit)
21.6 ± 0.332 106 ± 5.67 44.3 ± 2.45 0.709 ± 0.151 3.65 ± 0.255 305 ± 4.83

Magnesium Chloride 

(lower limit)
5.54 ± 0.0961 27.3 ± 1.30 11.87 ± 0.728 0.185 ± 0.0408 0.0897 ± 0.00436 76.8 ± 1.22

Upstream Chloride Emissions to Environment
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Climate Change Impact Results 

The climate change impact category was divided among four major process 

flows: fossil emissions, biogenic emissions, land use change emissions, and total 100-

year global warming potential emissions (Fazio et al, 2018). The reference unit was 

reported in kilograms of carbon dioxide equivalent emissions (kg CO2-eq), and was the 

same for each output flow. For the purpose of this study, I focused on only the total 

emissions category for each deicer. 

At the maximum application rate, sodium chloride releases 38,500 ± 2,560 kg 

CO2-eq emissions into the atmosphere per 100 lane miles. At the minimum application 

rate, sodium chloride is responsible for 7,800 ± 555 kg CO2-eq. Magnesium chloride 

emits 21,600 ± 332 kg CO2-eq and 5,540 ± 96.1 kg CO2-eq at the maximum and 

minimum application rates, respectively. Figure 4 presents the greenhouse gas emissions 

results for both deicers at their maximum and minimum application rates. The box and 

whisker plot displays the mean values from the Monte Carlo analyses and presents them 

with their respective confidence intervals. Additionally, Sodium chloride, at its upper and 

lower application limits, is displayed on the left-hand half of the plot and magnesium 

chloride is displayed on the right. Displaying the results in this manner allows for a fair 

comparison of the deicers at different application rates and provides a visualization of the 

range of uncertainty. The larger the interval is in relation to the mean, the higher the 

uncertainty in the results. The “x” represents the mean, the line represents the median, 

and the box represents the upper and lower quartiles of the data points. 
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Figure 4: Box and whisker plot of greenhouse gas emissions impact results from 

maximum and minimum application rates of sodium chloride and magnesium chloride. 

 

Ecosystem Quality Impact Results 

 Within the ecosystem quality impact analysis, the results were divided into 

phosphorus equivalent emissions, hydrogen equivalent emissions, nitrogen equivalent 

emissions, and comparative toxic units. The focus of this research was to assess the 

chloride impact of the deicers, so I isolated the chloride emissions from the total 

ecosystem outputs. These values are the upstream emissions caused by the mining, 

production and transportation phases, as well as any linked processes upstream of those 

phases. Table 9 reflects the upstream chloride emissions to surface water, to ground 

water, and to soil.  

 Sodium chloride, at an application rate of 25 tons per 100 lane miles, results in 

upstream chloride emissions of 99.4 ± 7.12 kg to surface water, 137 ± 14 kg to ground 

water, and 0.934 ± 0.14 kg to soil. At an application rate of 5 tons per 100 lane miles, the 

upstream emissions are 20.1 ± 1.46 kg to surface water, 27.8 ± 2.94 kg to ground water, 
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and 0.197 ± 0.0628 kg to soil. Magnesium chloride, when applied at its upper limit of 

8.49 tons per 100 lane miles, results in upstream chloride emissions of 106 ± 5.67 kg to 

surface water, 44.3 ± 2.45 kg to ground water, and 0.709 ± 0.151 kg to soil. At the lowest 

application rate of 2.62 tons per 100 lane miles, magnesium chloride results in upstream 

emissions of 27.3 ± 1.3 kg to surface water, 11.87 ± 0.728 kg to ground water, and 0.185 

± 0.0408 kg to soil. Figures 5, 6, and 7 reflect the chloride emissions results for each 

deicer at its upper and lower limits in a box and whisker plot. 

 

 

Figure 5: Box and whisker plot of upstream chloride emissions to surface water for the 

maximum and minimum application rates of sodium chloride and magnesium chloride, 

respectively. 
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Figure 6: Box and whisker plot of upstream chloride emissions to ground water for the 

maximum and minimum application rates of sodium chloride and magnesium chloride, 

respectively. 

 

 

Figure 7: Box and whisker plot of upstream chloride emissions to soil for the maximum 

and minimum application rates of sodium chloride and magnesium chloride, respectively. 
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The calculated downstream emissions due to runoff are shown in Table 10. At the 

highest application rate, sodium chloride releases 5,583.9 kg emissions to surface water, 

6,209.9 kg emissions to ground water, and 726.2 kg emissions to soil. At the lower 

application rate, sodium chloride releases 1,116.8 kg chlorides to surface water, 1,242 kg 

chlorides to ground water, and 145.2 kg to soil. At the upper limit of magnesium chloride 

application, this deicer releases 2,876.3 kg chloride emissions to surface water, 3,198.8 

kg emissions to ground water and, and 374.1 kg emissions to soil. At the minimum 

application rate, magnesium chloride is responsible for 789.4 kg of chloride emissions to 

surface water, 878 kg emissions to ground water, and 102.7 kg emissions to soil.  

 

Table 10: Downstream chloride emissions to the environment. 

 

 

Human Health Impact Results 

 One of the manners in which ILCD 2.0 presents human health impacts is in 

comparative toxic units for humans (CTUh). This unit depicts the increase in human 

morbidity due to disease per kilogram of a chemical emitted into the environment 

(European Commission, 2011). This impact characterization is the focus of this study. In 

the complete results in Appendix A, there are two outputs with this unit; one for an 

Calculated results

 

Cl- to Surface Water 

via Runoff (kg)

Cl- to Ground Water 

After 1 Year (kg)

Cl- to Soil After 1 

Year (kg)

Sodium Chloride (upper limit) 5,583.9                    6,209.9                    726.2                       

Sodium Chloride (lower limit) 1,116.8                    1,242.0                    145.2                       

Magnesium Chloride (upper limit) 2,876.3                    3,198.8                    374.1                       

Magnesium Chloride (lower limit) 789.4                       878.0                       102.7                       

Downstream Chloride Emissions to Environment
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increase in cancer, and the other for other diseases (Fazio, 2018). In the results summary 

(Table 9) for each deicer, I summed the two outputs for one CTUh value. 

 At the maximum application rate, sodium chloride results in 0.0188 ± 0.0024 

CTUh and at the minimum application rate results in 0.00364 ± 0.000488 CTUh. When 

magnesium chloride is applied at the maximum allowable amount, it results in 0.00365 ± 

0.000255 CTUh. At its minimum application rate, magnesium chloride results in 

0.0000897 ± 0.00000436 CTUh. Results are graphed in figure 8. 

 

 

Figure 8: Box and whisker plot of human health impact results for the maximum and 

minimum application rates of sodium chloride and magnesium chloride, respectively. 

 

Resources Impact Results 

 This paper focuses on the resource impact of the electricity consumption upstream 

and during mining, manufacturing, transporting, and applying both deicers. The results 

are presented in gigajoules (GJ) in table 9. Sodium chloride consumes 513 ± 34 GJ at its 

upper limit for application and 105 ± 7.45 GJ at its lower limit. Magnesium chloride 
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consumes 305 ± 4.83 GJ at the maximum application rate and 76.8 ± 1.22 GJ at the 

minimum application rate. Figure 9 presents the data on a box and whisker plot for each 

deicer at maximum and minimum application rates.  

 

 

Figure 9: Box and whisker plot of resource impact results for the maximum and 

minimum application rates of sodium chloride and magnesium chloride, respectively. 

 

Actual Use Results  

 At an average application rate of 11.2 tons of sodium chloride per 100 lane 

miles, this deicer is responsible for 17,800 ± 1,470 kg CO2-eq emissions to the 

atmosphere. For comparison, the Environmental Protection Agency (EPA) estimates that 

each Oregonian is responsible for 9,560 kg CO2-eq emissions on an annual basis (EPA, 

2016). The human health impact is 0.00836 ± 1.38 CTUh and the resource impact is 236 

± 18.5 GJ. Sodium chloride results in upstream chloride emissions of 45.5 ± 3.9 kg to 

surface water, 62.5 ± 6.46 kg to ground water, and 0.414 ± 0.097 kg to soil. Downstream 
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chloride emissions are 2,493.8 kg to surface water, 2,773.3 kg to ground water and 324.3 

kg to soil. 

 Average magnesium chloride use was calculated to be 9 tons per 100 lane miles. 

At this application rate, the deicer is responsible for 18,900 ± 304 kg CO2-eq in 

greenhouse gas emissions. Magnesium chloride also results in human toxicity impacts of 

3.02 ± 0.150 CTUh and electricity consumption of 263 ± 4.35 GJ. Upstream chloride 

emissions to the environment were 91 ± 4.38 kg to surface water, 41.1 ± 2.9 kg to ground 

water, and 0.649 ± 0.148 kg to soil. Downstream chloride emissions after application 

were 2,010.2 kg chlorides to surface water, 2,235.6 kg chlorides to ground water and 

261.4 kg chlorides to soil. Tables 11 and 12 summarize the model results. Figures 10-15 

display comparisons of the results in box and whisker plots. 

 

Table 11: Ecoinvent LCIA results for average seasonal use of sodium chloride and 

magnesium chloride. 

 
 

 

 

Table 12: Calculated downstream chloride emissions resulting from average seasonal use 

of sodium chloride and magnesium chloride. 

 
 

Results from Ecoinvent 

3.5 Monte Carlo Analysis 

(95% confidence)

GHG Emissions 

to Atmosphere

Upstream Human 

Health Impact

Electricity 

Consumed

  kgCO2eq x10^3

Cl- to Surface 

Water (kg)

Cl- to Ground 

Water (kg)

Cl- to Soil 

(kg)

CTUH 

x10^-3
GJ

Sodium Chloride 

(average use)
17.8 ± 1.47 45.5 ± 3.90 62.5 ± 6.46 0.414 ± 0.097 8.36 ± 1.38 236 ± 18.5

Magnesium Chloride 

(average use)
18.9 ± 0.304 91.0 ± 4.38 41.1 ± 2.90 0.649 ± 0.148 3.02 ± 0.150 263 ± 4.35

Upstream Chloride Emissions to Environment

Calculated results

 

Cl- to Surface 

Water via Runoff 

(kg)

Cl- to Ground Water 

After 1 Year (kg)

Cl- to Soil After 1 

Year (kg)

Sodium Chloride (average use) 2,493.8               2,773.3                   324.3                     

Magnesium Chloride (average use) 2,010.2               2,235.6                   261.4                     

Downstream Chloride Emissions to Environment
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Figure 10: Box and whisker plot of greenhouse gas emissions for the average application 

rates of sodium chloride and magnesium chloride. 

 

 

Figure 11: Box and whisker plot of the human health impact for the average application 

rates of sodium chloride and magnesium chloride. 
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Figure 12: Box and whisker plot of electricity consumption for the average application 

rates of sodium chloride and magnesium chloride. 

 

 

 

Figure 13: Box and whisker plot of upstream chloride emissions to surface water for the 

average application rates of sodium chloride and magnesium chloride. 
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Figure 14: Box and whisker plot of upstream chloride emissions to ground water for the 

average application rates of sodium chloride and magnesium chloride. 

 

 

Figure 15: Box and whisker plot of upstream chloride emissions to surface water for the 

average application rates of sodium chloride and magnesium chloride. 
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Chapter IV 

Discussion 

 

 In nearly all of the categories, sodium chloride exceeded magnesium chloride in 

environmental impacts. The same was true when analyzing and comparing the maximum 

application rate impacts for each deicer and the minimum application rate impacts for 

each deicer; however, when comparing the impact assessment results for the average 

application rates, the results were not as definitive. This indicates the volume of deicer 

applied during a storm event is highly significant to the resulting impacts. 

 

Comparison of Results 

 At the highest application rate, sodium chloride resulted in 78% more greenhouse 

gas emissions, 415% higher human toxicity units, and 68% higher electricity 

consumption than the highest allowable application rate for magnesium chloride. The 

upstream chloride emissions to surface water was the only category in which magnesium 

chloride exceeded sodium chloride in the impact categories, with magnesium chloride 

releasing 6% more chlorides; however, upstream chloride emissions to ground water and 

soil were 209% and 32% higher, respectively, for sodium chloride . 

 At the minimum application rates, sodium chloride resulted in 41% higher 

greenhouse gas emissions, 3,958% higher human toxicity units, and 37% higher 

electricity consumption than magnesium chloride. Magnesium chloride resulted in 26% 

higher upstream chloride emissions to surface water than did sodium chloride. Upstream 

chloride emissions to ground water were 134% higher and for sodium chloride, as well as 
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chloride emissions to soil being 283% higher for the same deicer. Table 13 provides the 

mean values resulting from the Monte Carlo analyses for each deicer and the 

corresponding percent difference between sodium chloride and magnesium chloride in 

each impact category.    

 

Table 13: Percent differences when comparing the impact analysis mean results for the 

upper and lower limit application rates of sodium chloride and magnesium chloride. 

 

 

 I calculated the downstream chloride emissions of each deicer compound by 

applying ratios of the percent chloride by mass, percent of emissions to groundwater, 

percent of emissions to surface water and percent of emissions to soil to the various 

application rates. These ratios were constants derived from the study performed by 

Denich, Bradford and Drake in 2013, so the difference in emissions values between each 

deicer varied only by the application rates. At the maximum application rate, sodium 

chloride resulted in 94% higher downstream chloride emissions than did magnesium 

chloride. At the minimum application rate, sodium chloride resulted in 41% higher 

downstream chloride emissions. Table 14 displays these comparisons. 

 

GHG 

Emissions 

(kg CO2-eq)

Human Health 

Impacts (CTUH)

Electricity 

(GJ)

Upstream Chloride 

Emissions to Surface 

Water (kg)

Upstream Chloride 

Emissions to 

Ground Water (kg)

Upstream 

Chloride 

Emissions to Soil 

(kg)

Magnesium Chloride

(upper limit mean)
21.6 3.65E-03 305 106 44.3 0.709

Sodium Chloride

(upper limit mean)
38.5 1.88E-02 513 99.4 137 0.934

% Difference 78% 415% 68% -6% 209% 32%

Magnesium Chloride 

(lower limit mean)
5.54 8.97E-05 76.8 27.3 11.87 0.185

Sodium Chloride

(lower limit mean)
7.8 3.64E-03 105 20.1 27.8 0.709

% Difference 41% 3958% 37% -26% 134% 283%
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Table 14: Percent differences when comparing the calculated downstream chloride 

emissions results for the maximum and minimum application rates of sodium chloride 

and magnesium chloride. 

 

 

 At the average application rates, results were less conclusive. Sodium chloride 

resulted in 6% less greenhouse gas emissions and 10% less electricity consumption than 

magnesium chloride, yet led to 177% more human toxicity units. It is important to note 

that, using the confidence intervals, the slightly higher greenhouse gas emissions and 

electricity consumption by magnesium chloride is not necessarily significant. Sodium 

chloride has larger uncertainty and the upper level of the magnesium chloride ranges still 

fall short of the upper level of the sodium chloride ranges, indicating that magnesium 

chloride may still have a lower impact. 

Magnesium chloride resulted in double the upstream chloride emissions to surface 

water than did sodium chloride, while sodium chloride resulted in 52% higher emissions 

to ground water and 36% fewer emissions to soil. Calculated downstream chloride 

emissions reflect sodium chloride resulted in 24% higher emissions in all categories. 

Downtream chloride 

emissions to surface 

water (kg)

Downtream chloride 

emissions to ground 

water (kg)

Downtream 

chloride emissions 

to soil (kg)

Magnesium Chloride 

(upper limit)
2876.3 3198.8 374.1

Sodium Chloride

(upper limit)
5583.9 6209.9 726.2

% Difference 94% 94% 94%

Magnesium Chloride 

(lower limit)
789.4 878 102.7

Sodium Chloride

(lower limit)
1116.8 1242 145.2

% Difference 41% 41% 41%
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Table 15 shows the comparisons of the average application rate results from the LCA 

models. Table 16 displays the comparisons of the calculated downstream emissions.  

 

Table 15: Percent differences when comparing the impact analysis mean results for the 

average application rates of sodium chloride and magnesium chloride. 

 

 

Table 16: Percent differences when comparing the calculated downstream chloride 

emissions results for the average application rates of sodium chloride and magnesium 

chloride. 

 

 

The mass of the deicers used and the distance that mass was transported had the 

most significant impacts on the LCA results, especially the greenhouse gas emissions. At 

the average application rates, the total mass of magnesium chloride solution exceeded 

that of sodium chloride even though the mass of the actual compound itself was less. This 

was due to the fact that magnesium chloride was diluted in water and the emissions from 

trucks carrying the solution must take into consideration the full weight of the 

GHG 

Emissions (kg 

CO2-eq)

Human Health 

Impacts (CTUH)

Electricity 

(GJ)

Upstream Chloride 

Emissions to Surface 

Water (kg)

Upstream Chloride 

Emissions to 

Ground Water (kg)

Upstream 

Chloride 

Emissions to Soil 

(kg)

Magnesium Chloride 

(average)
18.9 3.02E-03 263 91 41.1 0.649

Sodium Chloride 

(average)
17.8 8.36E-03 236 45.5 62.5 0.414

% Difference -6% 177% -10% -50% 52% -36%

 

Downtream 

chloride emissions 

to surface water 

(kg)

Downtream 

chloride emissions 

to ground water 

(kg)

Downtream 

chloride 

emissions to soil 

(kg)

Magnesium Chloride 

(average use)
2010.2 2235.6 261.4

Sodium Chloride 

(average use)
2493.8 2773.3 324.3

% Difference 24% 24% 24%
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magnesium chloride plus the weight of the water. The weight of 9.0 tons of magnesium 

chloride compound dissolved in water totaled 30 tons of solution. Additionally, the 

average distance travelled from the distributer to storage on ODOT property averaged a 

longer distance than for transportation between the distributer and ODOT salt sheds. As a 

result, the greenhouse gas emissions for magnesium chloride exceeded those for sodium 

chloride by 6%, despite the fact that the total weight of transported magnesium chloride 

was nearly three times that of the sodium chloride.  

This result is likely due to the effect that sodium chloride has on vegetation. 

While chlorides from both deicers are detrimental to plant-life, sodium has also been 

shown to build up in woody plants and disrupt the metabolic pathways of the plant 

(Goodrich, Koski, and Jacobi, 2008). Conversely, magnesium is an essential mineral 

nutrient and has been shown to help plants ward off disease (Huber and Jones, 2013). 

Increased plant mortality caused by sodium chloride may be attributed to the higher 

greenhouse gas emissions results at the maximum and minimum application rates.  

It is important to note that the average calculated usage of magnesium chloride 

was based on assumptions because the real data were unavailable. Furthermore, while the 

actual application values for sodium chloride were tracked, reporting occurred for only 

the five years of the ODOT Salt Pilot. It may be possible for actual application rates for 

sodium chloride to increase as ODOT rolls out the ability to apply this deicer state-wide 

and highway maintenance employees become more familiar with how to utilize it. The 

addition of more salt sheds across the state will also affect the average distance travelled. 

The amount of electricity necessary to produce and transport both deicers was 

derived from the Compass Minerals sustainability report and was based on the weight of 
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the compound output during manufacture, in tons. Similar to the greenhouse gas 

emissions result, total electricity impact was based on the total weight of hydrous 

magnesium chloride compared to the dry weight of sodium chloride. The solution weight 

of magnesium chloride exceeded sodium chloride by nearly three-fold and the resulting 

electricity consumption was slightly higher for this deicer by 10%. 

In every assessment, magnesium chloride resulted in higher upstream emissions 

to surface water than sodium chloride. This may be due to the fact that magnesium 

chloride is already a liquid that can transport easily across solid surfaces to surrounding 

water bodies.  Accordingly, spillage of the solution during production and transportation 

may reach surface water more readily than would solid sodium chloride granules. 

Additionally, sodium chloride has a relatively benign production method whereas 

magnesium chloride requires other compounds to be added during the manufacture 

process. These additional compounds may also lead to increased upstream chloride 

emissions.  

At the average application rates, magnesium chloride also resulted in higher 

upstream chloride emissions to soil; however, in all other chloride scenarios, sodium 

chloride resulted in higher emissions. This may be the result of sodium chloride’s ability 

to pass through soil composition and travel into ground water more readily than 

magnesium chloride. Additionally, downstream chloride emissions from sodium chloride 

always exceeded those of magnesium chloride primarily due to the fact that, while a 

higher percent of magnesium chloride is chloride, a higher mass of the sodium chloride 

compound in general was used to treat the highways.  
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Sensitivity Analysis 

 During the sensitivity analysis, I adjusted the transportation miles and electricity 

consumed by 10% each, while holding the other inputs constant. I then compared the 

results of the sensitivity analysis to the results of the single-run analysis for each deicer to 

assess the differences. The results reflected that impacts from transportation miles were 

far more sensitive to changes than impacts from electricity consumption. In most cases, 

the impact category results were negligible when the electricity consumption changed by 

10%; however, the results changed much more substantially when transportation miles 

were adjusted. This supports the conclusion that environmental impact is much more 

affected by the distance the deicer mass travelled via heavy lorry. Greenhouse gas 

emissions displayed the largest sensitivity, varying by over 22% on the high end and over 

9% on the low end when transportation miles were adjusted. Comparison tables of the 

complete sensitivity analysis are provided in Appendix B. 

 

 

Recommendations 

 

Overall, this analysis reflects that, at the maximum and minimum application 

rates, sodium chloride results in larger environmental impacts than magnesium chloride. 

At the average application rates, magnesium chloride results in larger impacts to certain 

categories upstream; however, the after-effects of using sodium chloride may be further-

reaching and higher due to: the volume of chlorides reaching the environment, eco-

toxicity of sodium to plant life, resulting human toxicity, and corrosion to vehicles. These 



 48 

considerations must be weighed with the increased safety potential to drivers as a result 

of using sodium chloride. 

 

Water Consumption Increase Potential 

The solid sodium chloride approved for use in Oregon does not have a corrosion 

inhibitor added; therefore, the use of this deicer requires frequent washing of vehicles to 

prevent vehicle corrosion. Increased water use as a consequence of using sodium chloride 

was not studied in this analysis because the data were not readily available. It is safe to 

assume that water consumption will increase. ODOT maintenance vehicles that apply the 

deicer are washed after every application to maintain the integrity and longevity of the 

state rigs. Additionally, the general public who use the roads after sodium chloride has 

been applied will now need to wash their vehicles more frequently during the cold 

season. Mercedez-Benz recommends washing vehicles every ten days in the winter to 

keep the road salt from corroding the body and engine (Mercedez-Benz, 2015). 

Currently, it is estimated that only 28% of vehicle owners wash their cars more than once 

per month. 47% of car owners wash their vehicles once every couple months and 25% 

only once every six months or so (Fazio, 2015). On average, 38 gallons of water are used 

to wash one car, one time (Gaille, 2017). If vehicle owners increase their frequency of 

washing from twice per year to every ten days, the amount of water consumed would 

sky-rocket. I recommend, if ODOT continues to use sodium chloride, the agency 

investigate the use of a sodium chloride product that includes a rust or corrosion inhibiter.  
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Toxic Chemicals in LCA flows 

 The Ecoinvent database provides a detailed inventory list, linking all chemical 

inputs and outputs of the flows involved within the system boundary. This is very 

beneficial when determining if any of the toxic chemicals banned through Executive 

Order 12-05 are found during the life cycle of sodium chloride or magnesium chloride. I 

searched the input flow inventory list and found trace amounts of cadmium, chromium, 

lead, nickel, silver, and manganese associated with both deicers. More research is needed 

to determine at what point in the life cycle these items from the DEQ Toxics Focus List 

occur. If their presence is avoidable through specifying certain procurement 

methodologies, ODOT may remain compliant with the Executive Order. Such research 

was outside the scope of this study, but warrants further analysis. 
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Appendix A - LCIA results 

 

 
 

 

 

 
 

 

Impact category Reference unit Mean 95% confidence interval (±)

climate change kg CO2-Eq 8.91E-03 1.71E-03

climate change kg CO2-Eq 5.54E+03 9.61E+01

climate change kg CO2-Eq 5.53E+03 9.61E+01

climate change kg CO2-Eq 7.40 3.85E-01

ecosystem quality kg P-Eq 2.08 2.03E-01

ecosystem quality mol H+-Eq 2.67E+01 8.09E-01

ecosystem quality CTU 7.83E+03 1.17E+02

ecosystem quality mol N-Eq 4.58E+01 1.40E+00

ecosystem quality kg N-Eq 4.36 1.29E-01

human health CTUh 8.27E-04 3.88E-05

human health CTUh 6.93E-05 4.76E-06

human health kg U235-Eq 6.43E+02 9.51E+01

human health kg NMVOC-Eq 1.49E+01 4.64E-01

human health kg CFC-11-Eq 1.15E-03 7.53E-05

human health disease incidence 4.64E-04 2.82E-05

resources points 4.34E+04 4.85E+03

resources kg Sb-Eq 1.49E-02 1.01E-03

resources MJ 7.68E+04 1.22E+03

LCIA Results, MgCl2 low-end

Category Sub-category Reference Unit Mean 95% confidence interval (±)

Emission to soil agricultural kg 6.23E-04 6.95E-05

Emission to soil industrial kg 1.39E-01 3.15E-02

Emission to soil unspecified kg 4.52E-02 9.29E-03

Emission to water ground water kg 9.00 6.46E-01

Emission to water ground water, long-term kg 2.87 8.21E-02

Emission to water ocean kg 2.38 1.21E-01

Emission to water surface water kg 2.73E+01 1.30

Emission to water unspecified kg 7.61 9.65E-01

Emission to water unspecified kg 2.22E-02 1.81E-03

Chloride Analysis from LCIA, MgCl2 low-end (upstream)
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Impact category Reference unit Mean 95% confidence interval (±)

climate change kg CO2-Eq 3.30E-02 5.87E-03

climate change kg CO2-Eq 2.16E+04 3.32E+02

climate change kg CO2-Eq 2.16E+04 3.32E+02

climate change kg CO2-Eq 3.03E+01 1.29

ecosystem quality kg P-Eq 6.90 5.88E-01

ecosystem quality mol H+-Eq 1.06E+02 2.81

ecosystem quality CTU 3.21E+04 1.05E+03

ecosystem quality mol N-Eq 1.75E+02 4.24

ecosystem quality kg N-Eq 1.67E+01 3.99E-01

human health CTUh 3.38E-03 2.38E-04

human health CTUh 2.74E-04 1.76E-05

human health kg U235-Eq 2.61E+03 3.01E+02

human health kg NMVOC-Eq 5.73E+01 1.41

human health kg CFC-11-Eq 4.36E-03 2.40E-04

human health disease incidence 1.81E-03 8.96E-05

resources points 1.52E+05 1.35E+04

resources kg Sb-Eq 5.80E-02 3.48E-03

resources MJ 3.05E+05 4.83E+03

LCIA Results, MgCl2 high-end

Category Sub-category Reference Unit Mean 95% confidence interval (±)

Emission to soil agricultural kg 2.49E-03 3.20E-04

Emission to soil industrial kg 5.51E-01 1.26E-01

Emission to soil unspecified kg 1.56E-01 2.51E-02

Emission to water ground water kg 3.31E+01 2.14

Emission to water ground water, long-term kg 1.13E+01 3.11E-01

Emission to water ocean kg 9.43 5.19E-01

Emission to water surface water kg 1.06E+02 5.67

Emission to water unspecified kg 2.99E+01 4.36

Emission to water unspecified kg 8.99E-02 1.22E-02

Chloride Analysis from LCIA, MgCl2 high-end (upstream)
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Impact category Reference unit Mean 95% confidence interval (±)

climate change kg CO2-Eq 1.51E-02 3.57E-03

climate change kg CO2-Eq 7.80E+03 5.55E+02

climate change kg CO2-Eq 7.78E+03 5.54E+02

climate change kg CO2-Eq 1.43E+01 1.45

ecosystem quality kg P-Eq 1.18E+01 3.16

ecosystem quality mol H+-Eq 6.26E+01 5.969

ecosystem quality CTU 1.57E+04 2.33E+03

ecosystem quality mol N-Eq 8.24E+01 7.33

ecosystem quality kg N-Eq 8.25 7.54E-01

human health CTUh 3.26E-03 4.38E-04

human health CTUh 3.74E-04 5.05E-05

human health kg U235-Eq 1.17E+03 4.05E+02

human health kg NMVOC-Eq 2.50E+01 2.17

human health kg CFC-11-Eq 9.27E-04 8.01E-05

human health disease incidence 5.59E-04 5.05E-05

resources points 2.83E+04 2.38E+03

resources kg Sb-Eq 2.24E-01 3.27E-02

resources MJ 1.05E+05 7.45E+03

LCIA Results, NaCl low-end

Category Sub-category Reference Unit Mean 95% confidence interval (±)

Emission to soil agricultural kg 1.92E-03 3.22E-04

Emission to soil industrial kg 1.30E-01 5.05E-02

Emission to soil unspecified kg 6.50E-02 1.20E-02

Emission to water ground water kg 2.05E+01 2.25

Emission to water ground water, long-term kg 7.26 6.89E-01

Emission to water ocean kg 9.11 1.32

Emission to water surface water kg 2.01E+01 1.46

Emission to water unspecified kg 1.63E+01 2.41

Emission to water unspecified kg 1.03E-01 1.54E-02

Chloride Analysis from LCIA, NaCl low-end (upstream)
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Impact category Reference unit Mean 95% confidence interval (±)

climate change kg CO2-Eq 7.50E-02 1.80E-02

climate change kg CO2-Eq 3.85E+04 2.56E+03

climate change kg CO2-Eq 3.84E+04 2.55E+03

climate change kg CO2-Eq 6.84E+01 6.63

ecosystem quality kg P-Eq 4.11E+01 6.57

ecosystem quality mol H+-Eq 3.05E+02 2.57E+01

ecosystem quality CTU 9.83E+04 4.56E+04

ecosystem quality mol N-Eq 4.14E+02 3.57E+01

ecosystem quality kg N-Eq 4.14E+01 3.63

human health CTUh 1.64E-02 2.22E-03

human health CTUh 1.94E-03 3.28E-04

human health kg U235-Eq 5.23E+03 1.05E+03

human health kg NMVOC-Eq 1.24E+02 10.04

human health kg CFC-11-Eq 4.29E-03 4.07E-04

human health disease incidence 2.70E-03 2.07E-04

resources points 1.35E+05 9.39E+03

resources kg Sb-Eq 1.09 1.58E-01

resources MJ 5.13E+05 3.38E+04

LCIA Results, NaCl high-end

Category Sub-category Reference Unit Mean 95% confidence interval (±)

Emission to soil agricultural kg 9.32E-03 1.23E-03

Emission to soil industrial kg 6.24E-01 1.32E-01

Emission to soil unspecified kg 2.98E-01 3.85E-02

Emission to water ground water kg 1.02E+02 11.31

Emission to water ground water, long-term kg 3.50E+01 3.13

Emission to water ocean kg 4.33E+01 6.44

Emission to water surface water kg 9.94E+01 7.09

Emission to water unspecified kg 8.69E+01 9.83

Emission to water unspecified kg 4.88E-01 6.77E-02

Chloride Analysis from LCIA, NaCl high-end (upstream)
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Appendix B – Sensitivity Analysis Results 

 

 

Impact category Reference unit Sensitivity result Analysis result % change

climate change kg CO2-Eq 1.69E-02 2.19E-02 22.8%

climate change kg CO2-Eq 1.96E+04 2.05E+04 4.3%

climate change kg CO2-Eq 1.96E+04 2.04E+04 4.3%

climate change kg CO2-Eq 2.61E+01 2.63E+01 0.8%

ecosystem quality kg P-Eq 4.92 4.98 1.3%

ecosystem quality mol H+-Eq 8.43E+01 8.68E+01 2.9%

ecosystem quality CTU 2.47E+04 2.69E+04 8.2%

ecosystem quality mol N-Eq 1.49E+02 1.54E+02 3.3%

ecosystem quality kg N-Eq 1.43E+01 1.47E+01 3.2%

human health CTUh 2.18E-03 2.31E-03 5.7%

human health CTUh 1.53E-04 1.60E-04 4.3%

human health kg U235-Eq 1.63E+03 1.71E+03 4.4%

human health kg NMVOC-Eq 4.73E+01 4.93E+01 4.1%

human health kg CFC-11-Eq 3.42E-03 3.63E-03 5.7%

human health disease incidence 1.44E-03 1.50E-03 3.8%

resources points 1.18E+05 1.29E+05 8.7%

resources kg Sb-Eq 4.09E-02 4.34E-02 5.6%

resources MJ 2.75E+05 2.88E+05 4.7%

Sensitivity Analysis: MgCl2 high-end, transportation miles adjusted

Impact category Reference unit Sensitivity result Analysis result % change

climate change kg CO2-Eq 2.17E-02 2.19E-02 1.12%

climate change kg CO2-Eq 2.03E+04 2.05E+04 0.68%

climate change kg CO2-Eq 2.03E+04 2.04E+04 0.69%

climate change kg CO2-Eq 2.62E+01 2.63E+01 0.04%

ecosystem quality kg P-Eq 4.98 4.98 0.06%

ecosystem quality mol H+-Eq 8.64E+01 8.68E+01 0.40%

ecosystem quality CTU 2.68E+04 2.69E+04 0.39%

ecosystem quality mol N-Eq 1.54E+02 1.54E+02 0.50%

ecosystem quality kg N-Eq 1.47E+01 1.47E+01 0.48%

human health CTUh 2.30E-03 2.31E-03 0.27%

human health CTUh 1.60E-04 1.60E-04 0.21%

human health kg U235-Eq 1.71E+03 1.71E+03 0.21%

human health kg NMVOC-Eq 4.91E+01 4.93E+01 0.47%

human health kg CFC-11-Eq 3.62E-03 3.63E-03 0.27%

human health disease incidence 1.49E-03 1.50E-03 0.26%

resources points 1.29E+05 1.29E+05 0.42%

resources kg Sb-Eq 4.32E-02 4.34E-02 0.27%

resources MJ 2.87E+05 2.88E+05 0.43%

Sensitivity Analysis: MgCl2 high-end, electricity adjusted



 61 

  

 

Impact category Reference unit Sensitivity result Analysis result % change

climate change kg CO2-Eq 4.24E-03 5.49E-03 22.7%

climate change kg CO2-Eq 4.90E+03 5.12E+03 4.3%

climate change kg CO2-Eq 4.89E+03 5.11E+03 4.3%

climate change kg CO2-Eq 6.51 6.56 0.8%

ecosystem quality kg P-Eq 1.23 1.25 1.3%

ecosystem quality mol H+-Eq 2.11E+01 2.17E+01 2.9%

ecosystem quality CTU 6.17E+03 6.73E+03 8.2%

ecosystem quality mol N-Eq 3.73E+01 3.86E+01 3.3%

ecosystem quality kg N-Eq 3.57 3.68 3.2%

human health CTUh 5.44E-04 5.77E-04 5.7%

human health CTUh 3.83E-05 4.00E-05 4.3%

human health kg U235-Eq 4.08E+02 4.27E+02 4.4%

human health kg NMVOC-Eq 1.18E+01 1.23E+01 4.1%

human health kg CFC-11-Eq 8.55E-04 9.07E-04 5.7%

human health disease incidence 3.60E-04 3.74E-04 3.8%

resources points 2.95E+04 3.23E+04 8.7%

resources kg Sb-Eq 1.02E-02 1.08E-02 5.6%

resources MJ 6.86E+04 7.20E+04 4.7%

Sensitivity Analysis: MgCl2 low-end, transportation miles adjusted

Impact category Reference unit Sensitivity result Analysis result % change

climate change kg CO2-Eq 0.005425176 0.005486501 1.12%

climate change kg CO2-Eq 5081.267404 5116.334472 0.69%

climate change kg CO2-Eq 5074.706148 5109.770642 0.69%

climate change kg CO2-Eq 6.555831436 6.558343342 0.04%

ecosystem quality kg P-Eq 1.24428303 1.245053878 0.06%

ecosystem quality mol H+-Eq 21.5997404 21.68760274 0.41%

ecosystem quality CTU 6699.451324 6725.882205 0.39%

ecosystem quality mol N-Eq 38.37549086 38.56992497 0.50%

ecosystem quality kg N-Eq 3.667046678 3.684849947 0.48%

human health CTUh 0.000575241 0.000576818 0.27%

human health CTUh 3.99612E-05 4.00452E-05 0.21%

human health kg U235-Eq 426.259671 427.1770388 0.21%

human health kg NMVOC-Eq 12.2581704 12.31588332 0.47%

human health kg CFC-11-Eq 0.00090404 0.000906519 0.27%

human health disease incidence 0.000373437 0.000374402 0.26%

resources points 32165.33837 32299.76213 0.42%

resources kg Sb-Eq 0.010807438 0.010836647 0.27%

resources MJ 71671.82778 71979.23389 0.43%

Sensitivity Analysis: MgCl2 low-end, electricity adjusted
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Impact category Reference unit Sensitivity result Analysis result % change

climate change kg CO2-Eq 2.58E-02 2.86E-02 9.7%

climate change kg CO2-Eq 3.14E+04 3.19E+04 1.5%

climate change kg CO2-Eq 3.13E+04 3.18E+04 1.5%

climate change kg CO2-Eq 5.32E+01 5.33E+01 0.2%

ecosystem quality kg P-Eq 2.37E+01 2.38E+01 0.1%

ecosystem quality mol H+-Eq 2.30E+02 2.31E+02 0.6%

ecosystem quality CTU 4.16E+04 4.29E+04 2.9%

ecosystem quality mol N-Eq 3.07E+02 3.09E+02 0.9%

ecosystem quality kg N-Eq 3.03E+01 3.05E+01 0.9%

human health CTUh 8.15E-03 8.22E-03 0.9%

human health CTUh 1.09E-03 1.09E-03 0.3%

human health kg U235-Eq 2.69E+03 2.74E+03 1.5%

human health kg NMVOC-Eq 9.11E+01 9.22E+01 1.2%

human health kg CFC-11-Eq 2.98E-03 3.10E-03 3.7%

human health disease incidence 1.96E-03 1.99E-03 1.6%

resources points 9.60E+04 1.02E+05 6.1%

resources kg Sb-Eq 7.81E-01 7.82E-01 0.2%

resources MJ 4.25E+05 4.32E+05 1.7%

Sensitivity Analysis: NaCl high-end, transportation miles adjusted

Impact category Reference unit Sensitivity result Analysis result % change

climate change kg CO2-Eq 2.84E-02 2.86E-02 0.65%

climate change kg CO2-Eq 3.18E+04 3.19E+04 0.26%

climate change kg CO2-Eq 3.17E+04 3.18E+04 0.26%

climate change kg CO2-Eq 5.32E+01 5.33E+01 0.03%

ecosystem quality kg P-Eq 2.38E+01 2.38E+01 0.02%

ecosystem quality mol H+-Eq 2.31E+02 2.31E+02 0.18%

ecosystem quality CTU 4.28E+04 4.29E+04 0.25%

ecosystem quality mol N-Eq 3.09E+02 3.09E+02 0.19%

ecosystem quality kg N-Eq 3.05E+01 3.05E+01 0.19%

human health CTUh 8.21E-03 8.22E-03 0.07%

human health CTUh 1.09E-03 1.09E-03 0.05%

human health kg U235-Eq 2.73E+03 2.74E+03 0.17%

human health kg NMVOC-Eq 9.20E+01 9.22E+01 0.22%

human health kg CFC-11-Eq 3.08E-03 3.10E-03 0.45%

human health disease incidence 1.99E-03 1.99E-03 0.21%

resources points 1.02E+05 1.02E+05 0.39%

resources kg Sb-Eq 7.82E-01 7.82E-01 0.02%

resources MJ 4.31E+05 4.32E+05 0.29%

Sensitivity Analysis: NaCl high-end, electricity adjusted
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Impact category Reference unit Sensitivity result Analysis result % change

climate change kg CO2-Eq 5.16E-03 5.71E-03 9.7%

climate change kg CO2-Eq 6.27E+03 6.37E+03 1.5%

climate change kg CO2-Eq 6.26E+03 6.36E+03 1.5%

climate change kg CO2-Eq 1.06E+01 1.07E+01 0.2%

ecosystem quality kg P-Eq 4.75E+00 4.76E+00 0.1%

ecosystem quality mol H+-Eq 4.59E+01 4.62E+01 0.6%

ecosystem quality CTU 8.32E+03 8.57E+03 2.9%

ecosystem quality mol N-Eq 6.13E+01 6.19E+01 0.9%

ecosystem quality kg N-Eq 6.06 6.11 0.9%

human health CTUh 1.63E-03 1.64E-03 0.9%

human health CTUh 2.17E-04 2.18E-04 0.3%

human health kg U235-Eq 5.39E+02 5.47E+02 1.5%

human health kg NMVOC-Eq 1.82E+01 1.84E+01 1.2%

human health kg CFC-11-Eq 5.97E-04 6.19E-04 3.7%

human health disease incidence 3.92E-04 3.98E-04 1.6%

resources points 1.92E+04 2.05E+04 6.1%

resources kg Sb-Eq 1.56E-01 1.56E-01 0.2%

resources MJ 8.50E+04 8.65E+04 1.7%

Sensitivity Analysis: NaCl low-end, transportation miles adjusted

Impact category Reference unit Sensitivity result Analysis result % change

climate change kg CO2-Eq 5.68E-03 5.71E-03 0.65%

climate change kg CO2-Eq 6.36E+03 6.37E+03 0.26%

climate change kg CO2-Eq 6.35E+03 6.36E+03 0.26%

climate change kg CO2-Eq 1.06E+01 1.07E+01 0.03%

ecosystem quality kg P-Eq 4.75E+00 4.76E+00 0.02%

ecosystem quality mol H+-Eq 4.61E+01 4.62E+01 0.18%

ecosystem quality CTU 8.55E+03 8.57E+03 0.25%

ecosystem quality mol N-Eq 6.18E+01 6.19E+01 0.19%

ecosystem quality kg N-Eq 6.10E+00 6.11E+00 0.19%

human health CTUh 1.64E-03 1.64E-03 0.07%

human health CTUh 2.18E-04 2.18E-04 0.05%

human health kg U235-Eq 5.46E+02 5.47E+02 0.17%

human health kg NMVOC-Eq 1.84E+01 1.84E+01 0.22%

human health kg CFC-11-Eq 6.17E-04 6.19E-04 0.45%

human health disease incidence 3.97E-04 3.98E-04 0.21%

resources points 2.04E+04 2.05E+04 0.39%

resources kg Sb-Eq 1.56E-01 1.56E-01 0.02%

resources MJ 8.62E+04 8.65E+04 0.29%

Sensitivity Analysis: NaCl low-end, electricity adjusted


