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What is EMF? 
Electricity produces two types of fields; an electric field and a magnetic field.  These fields are 
also called electromagnetic fields or EMF.  Since the late 1970s, concern has primarily focused 
on the magnetic field, so today when people talk about EMF they generally are referring only to 
the magnetic field. 

The EMF produced when we use electricity is part of the electromagnetic spectrum.  This spec-
trum includes all forms of electromagnetic energy.  Electromagnetic energy occurs naturally or 
can be created by electric devices.  The electromagnetic spectrum includes cosmic rays, gamma 
rays, x-rays, sunlight, microwaves, radio waves, heat, and the magnetic fields created by electric 
currents (see Figure 1). 

Although gamma rays, microwaves, and magnetic fields created by electric current are part of 
the electromagnetic spectrum, they are very different from one another.  The ionizing radiation 
from gamma rays can break molecular bonds.  This means that gamma rays and other forms of 
ionizing radiation can break apart DNA.  Exposure to this kind of radiation can lead to cancer. 

At lower levels of the electromagnetic spectrum, the amount of energy decreases.  Microwaves 
do not have enough energy to break molecular bonds, although direct exposure to high levels of 
microwave radiation can cause significant heating. 

Power line magnetic fields are in the Extremely Low Frequency (ELF) range of the electromag-
netic spectrum.  The energy in these magnetic fields is very small.  EMF from appliances and 
power lines does not have enough energy to break molecular bonds. 

Cells can respond to exposure to these low energy fields.  These responses, or biological effects, 
tend to be indirect.  It has not been shown that these indirect effects cause health problems. 



 

How electricity produces magnetic fields 
Magnetic fields are created by charges (electrons) moving in a conductor, such as a wire.  The 
number of electrons moving through a conductor at any given time is called the current 
(measured in amperes).  As the current increases, so does the magnetic field.  The magnetic field 
decreases as the distance from the source increases. 

 

Electric fields 
Electric fields are found wherever there is electricity.  Electric fields are created by the presence 
of electric charges and are measured in volts per meter (V/m).  An electric field is associated 
with any device or wire that is connected to a source of electricity, even when a current is not 
flowing.  A magnetic field, on the other hand, is created only when there is a current. 

Electric fields are easily shielded by common objects such as trees, fences, and walls.  Scientific 
studies have not found any association between exposure to electric fields and human disease. 

Figure 1 The Electromagnetic Spectrum 

Power line voltage 
and magnetic fields 
The size of the magnetic field cannot be predicted from the voltage.  It is not uncommon for a 
69 kV (69,000 volt) line to have a higher magnetic field than a 115 kV (115,000 volt) line.  This 
is because the current flowing in the line, not the voltage, creates the magnetic field.  The size of 

 



 

the magnetic field around a line is proportional to the current.  This means that the magnetic field 
level increases as the current in the line increases.  Very high voltage lines (345 kV) can carry 
high current and as a result produce relatively high magnetic fields. 

The size of the magnetic fields from electric distri-
bution lines 
Electric distribution lines bring electricity to your home, school, and office.  Figure 2 shows how 
distribution lines fit into the electrical system.  Primary distribution lines have different voltages 
depending on the need.  Common voltages for primary distribution are 4 kV, 12.5 kV, and 24.9 
kV.  Power lines with voltages of 69 kV or more are generally considered transmission lines, not 
distribution lines.  Service lines serve your home and provide the 240/120 volts that our appli-
ances require.  Transformers, the round canisters near the top of the poles or the green metal box-
es on the ground, take high voltage from the primary distribution line and transform it to low 
voltage for use in your home.   

The size of the magnetic field coming off a distribution line depends on the amount of current 
flowing on that line.  Primary distribution lines can produce fields similar to the larger transmis-
sion lines. 
 

Figure 2 Simplified electrical system 

Other 
sources of EMF 
Any device that uses electric current has a magnetic field.  Electric appliances such as radios, 
refrigerators, microwaves, electric ovens, computers, TVs, and hair dryers produce magnetic 
fields.  The wiring that runs through floors, walls, and ceilings is also a source of magnetic fields 
when electricity is used (see Table 1).  

 

 
 



 

Levels of EMF in a home 
Every home is different.  Because EMF changes with the current, generally, magnetic fields in-
crease in your home as you use more electricity.  They may be higher in areas of your home 
where electrical use is concentrated. 

A nationwide study, conducted in the 1990s, found that higher magnetic field levels are generally 
found in: 

• Urban versus rural areas. 

• Duplexes or apartments versus single-family homes. 

• Old homes versus new homes. 

• Houses with grounding to a metallic waterline that is connected to the city main. 

• Houses with knob-and-tube wiring. 

• Houses with two-prong versus three-prong outlets. 

• Houses with air conditioning. 

• Small residences versus large residences. 

• High-density versus low-density residential areas. 



 

Table 1 Magnetic Fields from Common Appliances 
 

 
Sources: 
Appliances - Survey of Residential Magnetic Field Sources, Electric Power Research Institute (EPRI), September 1993. 
Power tools - Actual measurements by author. 
Power lines - Data comes from actual transmission construction cases. 
 
* For appliances, EMF measurements will vary between make and model. 
**   For power lines, many variables affect EMF strength:  the amount of current, distance from the wires, and the line configuration (how 
wires are placed in relation to one another).  Current flow depends on how much electricity is being used by customers on that line.  Use will 
vary with time of day, time of year, and kind of line. For example, a 138 kV line is generally capable of carrying a maximum of 1,566 amps 
but normal current flow is much lower.  The example in the table is for an existing 138 kV line where 300 amps is the normal current flow. 

Magnetic Field Strength (Milligauss - mG)    

 
Appliances* 

At 10 - 12 Inch-
es 

At Working D
(19 - 22 Inc

Microwave 17 - 236 5 - 28

Electric range 1.8 - 2.9 0.4 - 10

Refrigerator 1.3 - 15.7 0.6 - 11.4

Color TV 3.5 - 18.6 0.9 - 8.2

Fluorescent light 1.2 - 56.7 0.3 - 15

Ceiling fan 0.3 - 49.5 0.0 - 6

Power Tools At 1 - 4 Inches At Working D
(12 - 20 Inc

Cordless drill 8 5 - 8 

Table saw 760 (at motor) 12 

Plunge router 300 30 

Power Lines** At Center Line At 40 Fee

46 kV (138 amps) 9.6 3.7 

69 kV (167 amps) 23 7 

115 kV (90 amps) 15 5.5 

138 kV (300 amps) 39 17 

345 kV (628 amps) 95.8 56.4 



 

 

Measuring EMF 
The Gauss (G) is the common unit of measure for magnetic fields.  Magnetic fields are measured 
with a gauss meter.  These meters have a small wire coil inside them that produces a voltage 
when exposed to a magnetic field.  Many of these meters are simple to use and provide a digital 
readout in milligauss (mG).  The fields encountered in everyday life are measured in milligauss.  
A milligauss is one-thousandth of a gauss.  The tesla, another unit of measure for magnetic 
fields, is often used in scientific studies.  One tesla is equal to 10,000 gauss.  Because the fields 
we are concerned about are small, scientists often report their field measurements in microteslas 
(µT).  A microtesla is one-millionth of a tesla and is equal to 10 mG. 

Epidemiology 
The concern about exposure to power frequency EMF has developed because a number of epide-
miological studies have found a weak statistical association between exposure to power-
frequency magnetic fields and human health effects.  Other epidemiological studies, however, 
have shown no such association.  Because of this inconsistency in the findings of epidemiologi-
cal research, this issue has been controversial for some time.  It is important to know something 
about the science of epidemiology and statistical analysis in order to understand what the study 
results mean and why there is controversy. 

Epidemiology is the study of patterns of disease.  Epidemiologists attempt to discover statistical 
associations between the occurrence of disease in a population and exposure to an infectious or 
non-infectious agent.  Bacteria is an example of an infectious agent.  Examples of non-infectious 
agents could include pesticides, cigarette smoke, or EMF. 

Epidemiological studies are field studies.  Unlike laboratory research where investigators have 
total control over study conditions, epidemiologists must observe the world as it is, and must 
draw inferences from information observed or collected about a study population’s life, habits, 
and exposure to disease agents.  Because of this limitation, epidemiological studies suffer from a 
number of inherent weaknesses.  These weaknesses include bias, misclassification, confounding, 
and statistical variation.  Epidemiologists must take such factors into consideration when design-
ing a study and analyzing the results.  For example, we know that in-utero exposure to ionizing 
radiation (e.g. x-rays) is a risk factor for childhood leukemia.  Scientists studying human disease 
and exposure to EMF must identify and acknowledge the presence of known risk factors in any 
study population.  Unfortunately, it is not uncommon for published studies to suffer from and be 
criticized for weaknesses in study design or failure to account for confounding factors.  Another 
problem that arises in studies on EMF is that it is not possible to compare exposed populations to 
unexposed populations.  In studies on cigarette smoking for example, people either smoke ciga-
rettes or they do not.  But in EMF research everyone is exposed to power frequency magnetic 
fields.  So scientists must find a way to measure EMF exposure and separate populations in 
terms of low and high exposure.  This is not a simple task.  As described in the section, “Other 
Sources of EMF”, people are exposed to a wide variety of EMF sources and some of those fields 
can be very high. 



 

The results of epidemiological studies are usually presented either as a relative risk (RR) or an 
odds ratio (OR).  Relative risk is a comparison of the rates of disease between populations.  It is 
calculated by dividing the risk of an exposed person getting a disease by the risk of an unexposed 
person getting the same disease.  An OR compares the odds of exposure rather than rates of ex-
posure.  ORs are calculated by dividing the odds of exposure among cases by the odds of expo-
sure among controls.  Interpreting an OR is the same as interpreting the RR.  An RR/OR of 1.0 
means no difference between exposed and unexposed populations.  An RR/OR less than one 
means the exposed population is at a lower risk than the unexposed population while a RR great-
er than one indicates an increased risk.  An RR/OR of 1.5 would suggest the exposed population 
is 50 percent more likely to contract a disease than the unexposed population.  Conversely, an 
RR/OR of 0.7 would mean the exposed group is 30 percent less likely to develop the disease than 
the unexposed. 

When evaluating epidemiological research, it is important to be able to judge the strength of the 
results.  In other words, do the statistical associations resulting from the study indicate a strong 
and clear measure of risk?  An RR of 5 or more is generally considered strong.  (For example, 
studies comparing smokers to non-smokers showed RRs of 10 to 30 for lung cancer in smokers.)  
An RR of less than 3 is usually considered weak.  Relative risk values of 1.5 or less are generally 
considered too weak to support any meaningful conclusions. 

Because the results of a study are statistical estimates, researchers must present a range over 
which they are confident the estimate is reliable and the result is less likely to be caused by a ran-
dom statistical variation.  (See footnote 1.)  This is usually expressed as a 95 percent confidence 
interval.  For example, a reported RR of 1.2 with a 95 percent confidence interval of 0.7 – 1.9 
(reported as RR 1.2 (0.7-1.9)) means that the researcher is 95 percent confident that the true val-
ue for the RR is between 0.7 and 1.9.  In this case the result would not be statistically significant 
because the 95 percent confidence interval includes a value less than one.  Sample size is a key 
factor in the reliability of a study’s results.  Assuming a study is well designed and carefully con-
ducted, the larger the sample, the more reliable are the results. 

Cause and effect relationships 
Because epidemiological studies result in statistical associations rather than direct evidence of 
cause and effect, other scientific work must be conducted before scientists can determine that 
statistical associations from epidemiological studies actually reflect a cause and effect relation-
ship.  Usually when epidemiological studies show a consistent and strong association to a risk 
factor, scientists will develop a plausible theory for how such an exposure might cause disease.  
This is called a biological mechanism.  Then laboratory studies are conducted to test the biologi-
cal mechanism.  In addition, exposure studies on animals need to be conducted under controlled 
conditions to determine if exposure to the agent does indeed result in disease.  In the case of 
EMF, because a number of epidemiological studies identified an association with leukemia, la-
boratory studies on mice exposed to EMF would need to be conducted to show if exposure to 
EMF does cause disease. 

 



 

By combining epidemiological, biological mechanism, and animal studies scientists are able to 
piece together how a risk factor or agent might cause disease and how serious exposure might be 
to human health.  The certainty that a cause and effect relationship exists is increased when all 
three types of studies show positive results. 

Epidemiological studies 
The health effects of exposure to power frequency EMF have been intensively studied for over 
25 years.  Much of the EMF research, especially in the early years, has focused on epidemiology.  
In general, these studies can be separated into two major categories: studies focusing on residen-
tial exposure and those focusing on occupational exposure. 

At the root of the controversy surrounding this issue is the variability of the results.  One would 
expect that with a serious health threat the studies would show a consistent and strong positive 
association with human health effects.  For EMF this has not been the case.  While some studies 
have shown an association, others have not.  Overwhelmingly, those studies showing positive 
associations with human disease have not shown a strong association.  In addition, studies with 
positive results have not always shown an association with the same disease or exposure meas-
urement. 

Residential exposure 
Early Research 
The first epidemiological study to suggest an association between EMF exposure and human 
health was published in 1979.  The Wertheimer/Leeper study looked at birth and death certifi-
cates in Denver and related exposure to EMF by using a surrogate instead of actual field meas-
urements.  The surrogate measure used is called a “wire code” which classifies power lines in 
terms of physical size.  The physical size of a power line was assumed to be related to the 
amount of current flowing on the line.  It would then follow that large power lines will tend to 
have higher magnetic fields than smaller power lines.  The homes where cases and controls lived 
were then classified in terms of proximity to high and low current line configurations.  This 
study found an association between high current line configurations and childhood leukemia and 
reported an Odds Ratio (OR) of 2.35 for leukemia and an OR of 2.22 for all cancers.  In 1980, 
another study, conducted in Rhode Island, was published.  This study was similar in design to the 
Wertheimer/Leeper study.  This study found no association between wire codes and leukemia 
(OR=1.09).  Two studies conducted in England in the mid 1980s also found no association be-
tween leukemia and other cancers and exposure to power lines.  However, a study conducted in 
Sweden and published in 1986 showed an association between central nervous system cancers 
(brain cancer) and electric power facilities but no association with leukemia.  In 1988, Savitz et. 
al. published a study that again looked at cancer and power lines in Denver.  This study was the 
largest up to that time and was designed to eliminate some of the weaknesses found in 
Wertheimer and Leeper’s 1979 study.  This study characterized the residential magnetic field 
environment by using both wire coding and actual measurement of fields in residences.  This 
study again showed a positive association between childhood leukemia (OR=1.54) and total can-
cers (OR=1.53) based on a difference between low current and high current power line configu-
rations.  These findings, while positive, are generally considered weak associations because the 



 

OR values are well below 3.0.  The study found no association between measured magnetic 
fields and cancer. 

In order to have confidence that an exposure agent is actually linked to human disease, scientists 
look for strong and consistent associations from the epidemiological research.  In the case of 
EMF, the associations, while positive, are not very strong (values for OR or RR are almost al-
ways below 3).  Secondly, study outcomes are not consistent between studies, with some studies 
showing weak associations and others showing no association at all.  In the case of cigarette 
smoking, for example, the vast majority of epidemiological studies showed a strong positive as-
sociation between cigarette smoking and lung, neck, and throat cancer. 

Swedish Study — 26 years of data, small population 
In addition to looking for consistency between studies, scientists are also interested in consisten-
cy of results within studies.  An example of conflicting results within a study can be shown by 
examining research published in 1993 from Sweden.  The Swedish study covered approximately 
26 years.  The researchers used two different measures of EMF exposure.  One of the concerns 
about this study is that the researchers obtained different results depending on which exposure 
measurement they used.  Since EMF measurements were not actually taken over the 26-year pe-
riod reviewed by the study, the researchers estimated past EMF exposure by calculating the aver-
age EMF from power lines.  They called this substitute for actual exposure measurements 
“historical calculated fields.”  The other estimates of exposure they used were actual measured 
magnetic fields recorded during the study. 

The study found no relationship between historical calculated fields and central nervous system 
cancers (brain tumors), lymphoma, or for all childhood cancers combined (including leukemia).  
They did find “for leukemia in children and exposure defined from historical calculated fields, 
…elevated estimated relative risks, which increase with level of exposure.”  The RR was esti-
mated at 2.7 and 3.8 depending on the magnetic field cut point used. 

However, when they looked at measured magnetic fields, the Swedish scientists found something 
different.  The researchers found no increased risk for leukemia or for all childhood cancers com-
bined but did find an increase in estimated relative risk for central nervous system tumors.  For 
this relationship, however, the increased risk only exists for an intermediate exposure level.  
Higher or lower levels showed no relationship. 

Measured fields did not show any link to leukemia but calculated historical fields did.  Actual 
measurements showed an increased risk for central nervous system tumors but calculated histori-
cal fields did not.  Another interesting finding was that the increased risk for leukemia only held 
for single-family homes.  It did not hold for apartment buildings. 

One concern about the study is the very small number of actual leukemia cases.  This study in-
cluded almost 500,000 people (a little more than 127,000 children) over a period of 26 years.  
There were a total of 38 childhood leukemia cases for the entire study.  Twenty-seven cases oc-
curred in the lowest exposure category and served as the standard to which all other cases were 
compared.  The remaining 11 cases, which lead to the positive findings, were found in two high-
er exposure groups.  While the study design helps limit the effect of small sample sizes, the sta-
tistics are still based on very small numbers.  This tends to make the results less reliable. 



 

Danish and Finnish Studies — Little leukemia risk 
The results from two other epidemiological studies were also released in 1993.  These studies, 
one conducted in Denmark and the other conducted in Finland, were published in the October 
1993 edition of the British Medical Journal. 

In the Danish study, researchers reported that their results were not fully compatible with the 
Swedish study.  The Danes did not find an increased risk for leukemia but did find some evi-
dence of an effect on a combination of cancers, including central nervous system cancers and 
lymphoma.  However, this finding was at a much higher magnetic field level than identified in 
the Swedish study.  The association between EMF exposure and cancer was very weak because 
of the small number of actual cases and was considered statistically unstable. 

The Danish researchers concluded that, if there is a risk to exposure to magnetic fields, it must be 
very small.  They also pointed out that the incidence rate of leukemia over the last 45 years has 
changed very little, while electrical consumption in Denmark has increased 30-fold.  If EMF 
causes leukemia, you would expect to see an increase in leukemia that follows the increased use 
of electricity, but this has not happened. 

In the Finnish study, researchers found no increased risk of leukemia, central nervous system 
cancer, or lymphoma.  They also found no increased risk when they combined all cancer types.  
They concluded that residential magnetic fields from transmission lines do not constitute a major 
public health problem regarding childhood cancer. 

Canadian Studies — previous studies reexamined 
Two Canadian studies published in 1999 also show significant inconsistencies between studies.  
Green, et. al. looked at childhood leukemia and EMF exposure in Ontario Canada.  Green’s 
study showed an association between contemporary measured fields outside residences and 
childhood leukemia (RR=3.5).  However, there was no association with childhood leukemia for 
contemporary fields inside residences (RR=1.1).  In addition, when using wire codes (as with 
Wertheimer and Leeper, and Savitz) there was no association with cancer.  This study also found 
a positive association when comparing fields measured with personal monitors and childhood 
leukemia (RR=2.4).  At the same time McBride conducted a much larger study in Ontario.  This 
study found no association with childhood leukemia for personal monitors, contemporary meas-
ured fields inside residences, historic magnetic fields or wire codes. 

British Journal of Cancer — 2000 
In September 2000 a pooled analysis of EMF studies was published in the British Journal of 
Cancer.  The study pooled earlier research conducted in Europe, North America, and New Zea-
land.  This study reported a weak association (RR = 2) between exposure to power frequency 
magnetic fields greater than 4 mG and childhood leukemia.  While the results showed a weak 
positive association, the authors were careful to point out that selection bias, confounding, and a 
very small number of leukemia cases in high exposure groups (0.8 percent) could have account-
ed for some of the elevated risk.  They also stated that numerous animal and laboratory studies 
have failed to show any association between cancer and exposure to EMF.  

2005 Draper Study 



 

In 2005 a British study of childhood leukemia and birth addresses within 600 meters of high 
voltage power lines was published.  This study used 9,700 matched case-control pairs for leuke-
mia.  Exposure was based on the shortest distance from a power line in the year of birth.  This 
study reported a slight increase in childhood leukemia within 600 meters of a high-voltage trans-
mission line.  However, the increase in risk extended out to distances where the magnetic field 
from the power lines would have been overwhelmed or replaced by ambient magnetic field lev-
els.  The authors state in the study: 

 

“Our increased risk seems to extend to at least 200 m, and at that distance typical calculated 
fields from power lines are <0.1 micro T (<1 mG) and of the <0.01 micro T (<0.1 mG) – that is, 
less than the average fields in homes from other sources.  Thus our results do not seem to be 
compatible with the existing data…  We have no satisfactory explanation for our results in terms 
of causation by magnetic fields, and the findings are not supported by convincing laboratory data 
or any accepted biological mechanism.” 

2006 Kabuto study 

A Japanese study on childhood leukemia and proximity to power lines was published in 2006.   
This study used exposure assessments and distance from power lines in its evaluation.  A pooled 
analysis of data was used.  One limitation of this study was a relatively low response rate.  Of the 
781 leukemia cases identified, only 40% responded to the request for inclusion in the study.   A 
small increase in risk was detected for leukemia at exposures over 4 mG.  However, the im-
portance of this study was limited by the small sample size and a relatively high level of statisti-
cal uncertainty.   

 
Continued search for the cause of childhood leukemia 
Childhood leukemia is a relatively rare disease and its causes are not well understood despite 
decades of study.  Because scientists studying EMF exposure have found only inconsistent and at 
best weak associations between exposure and leukemia it is likely that some unidentified con-
founding factor or factors may be affecting study results.  In 1997, a paper published in the Lan-
cet proposed the hypothesis that a malfunction in a person’s immune response may, for some in-
dividuals, lead to leukemia.  This malfunction is thought to be related to the rate of early child-
hood infection.  The hypothesis suggests that some children whose immune systems are not suf-
ficiently challenged in early childhood may be predisposed to develop leukemia.  To test this hy-
pothesis epidemiological researchers began to look at ways of measuring the rate of early infec-
tion in children.  Attendance in a day-care facility is one surrogate measure of early childhood 
infection.  Children who begin attending day-care at an early age are exposed to more pathogens 
than children who remain in the home and so their as yet untested immune systems are chal-
lenged and strengthened.  Likewise, the amount of time a child is breast-fed would also be relat-
ed to the health of the child’s immune system.   If the hypothesis is correct, one would expect a 
negative correlation between day-care attendance and the occurrence of leukemia.  In other 
words, attendance at a day-care facility and breast-feeding might impart some protection against 
leukemia.   



 

Some epidemiological studies have shown just such a relationship.  A study conducted in France 
found an inverse relationship between childhood leukemia and early common infections, day-
care attendance, and prolonged breast-feeding.  Other studies have also suggested some support 
for the challenged immune system hypothesis.,      

Some recent studies (2007-2008) have reported a genetic component that appears to be involved 
in the development of childhood leukemia.  Some researchers suspect that the process which 
leads to childhood leukemia begins during pregnancy with the fusion of two genes into a mutant 
hybrid.  This genetic change can lead to the creation of pre-cancerous stem cells.  Those stem 
cells can develop into malignant stem cells that can lead to the development of cancer.  However, 
not everyone with this genetic mutation will develop leukemia.  This important new discovery 
may significantly increase our understanding of the causes of childhood leukemia and provide 
new strategies for treatment.    

Occupational studies 
Epidemiological studies of occupational exposure to EMF suffer from the same general weak-
nesses affecting residential studies.  As a group, the studies show inconsistent results and weak 
correlations.  Early occupational studies reported a higher incidence of some cancers in some 
electrical occupations.  However, many of these studies only used job titles to classify study sub-
jects.  No attempt was made to measure exposure to EMF.  Since 1994, there have been approxi-
mately 17 studies investigating occupational exposure to EMF and cancer.  These later studies 
have also been hampered by an inability to accurately determine historic exposure.  Studies gen-
erally look at cancer incidence over two or more decades.  The actual long-term exposure to 
EMF for the cases in the study is unknown.  As a surrogate for historic exposure many of these 
studies used short-term (measured exposure during one shift) contemporary EMF measurements 
for each job classification studied. 

Occupational EMF studies have not been consistent in their findings.  For example, Sahl et. al. 
studying EMF and cancer in utility workers in the United States, found no association between 
electrical occupations and the incidence of leukemia, brain cancer, and lymphoma.  On the other 
hand, Theriault et. al. studied utility workers from three different utilities in Canada and France.  
The results showed a weak association between presumed exposure and two types of leukemia 
with OR values ranging from 2.25 – 3.15.  The researchers did report a statistically significant 
association for acute nonlymphoid leukemia (OR=3.15) but not for chronic lymphoid leukemia.  
The OR for brain cancers was also weak (1.95) and was not statistically significant.  The authors 
concluded:  “Despite the attempts made in this study to achieve adequate power, definitive evi-
dence of an association between exposure to magnetic fields and leukemia and brain cancer has 
not been obtained.”  In another study, Savitz et. al. found a very weak association for total mor-
tality and overall cancer mortality with an RR of 1.2 for the group with the highest estimated ex-
posure.  Leukemia mortality was not linked with estimated exposure.  Brain cancer mortality was 
elevated, with an RR of 2.6 for the highest exposure category.   

In an attempt to make sense of conflicting results from the studies described above, Kheifets et. 
al. conducted a comparative analysis of the three studies (Sahl et. al. 1993, Theriault et. al. 1994, 
and Savitz & Loomis. 1995).  These studies looked at exposure for workers from a total of nine 
electric utilities.  A combined analysis of the data resulted in an RR of 1.12 for brain cancer and 



 

1.09 for leukemia.  The researchers concluded these studies showed only a weak association be-
tween magnetic fields and both brain cancer and leukemia.   

Biological mechanism 
As stated earlier, epidemiological studies, by themselves, cannot be used to prove a cause and 
effect relationship between exposure and human disease.  In addition to epidemiological evi-
dence, scientists need to propose a plausible biological mechanism.  The biological mechanism 
explains how exposure to a suspected agent, such as EMF, might actually cause disease in the 
human body.  Laboratory tests, usually at the cellular level, can then be conducted to test the pro-
posed mechanism.  For example, if a suspected agent is believed to cause cancer by affecting a 
cell’s DNA then researchers will expose cells, under strictly controlled conditions, to the agent.  
Study results that show DNA damage will then lend support to the proposed biological mecha-
nism.  Studies of this type need to be repeated a number of times by different researchers in order 
for scientists to have confidence that a proposed mechanism could actually work under real 
world conditions.  

We know that cancer can be initiated when a cell’s DNA is damaged.  Agents that cause damage 
to a cell’s DNA are called genotoxins.  Certain non-genotoxic substances called epigenetic 
agents can also contribute to the development of cancer.  Epigenetic agents affect carcinogenisis 
indirectly, by increasing the ability of genotoxins to cause injury to cells.  In a paper published in 
1998, Moulder reviewed nearly 100 published studies on EMF and carcinogenicity.  These stud-
ies showed no repeatable evidence that power frequency fields have the potential to either cause 
or contribute to cancer.  Studies showing some evidence of carcinogenic activity evaluated levels 
of EMF much higher than those associated with power lines. 

Power-frequency EMFs are low energy fields.  They do not have enough energy to break chemi-
cal bonds or to cause mutation in DNA.  Power frequency EMF of the type found near transmis-
sion lines can induce currents in the body, but these currents are much smaller than the typical 
electric currents present in the body from biological activity. 

Some theories on biological mechanisms suggest that a “resonance mechanism” could overcome 
biophysical constraints and make cells or organisms sensitive to power frequency EMF.  Howev-
er, scientists reviewing such theories have argued that such a mechanism is highly unlikely.  A 
study in 1987 suggested that “ion cyclotron resonance” could affect a cell’s calcium ion uptake 
and that this might, to some extent, explain the epidemiological associations.  Liboff et. al. found 
that exposure to power frequency EMF caused changes in calcium ion uptake of cells.  Subse-
quent studies, however, failed to replicate this effect. 

Another theory for a biological mechanism involves the production of the hormone melatonin.  It 
has been hypothesized that exposure to power-frequency EMF might suppress melatonin produc-
tion and that melatonin might actually have cancer preventative properties.  However, three stud-
ies on humans found that exposure to both continuous and intermittent fields at levels of 10 mG 
and 200 mG had no effect on nighttime melatonin production. 



 

Although a number of possible biological mechanisms have been proposed, to date no plausible 
biological mechanism has been discovered that could explain how exposure to low- energy, pow-
er-frequency EMF might cause human disease. 

Cosmic radiation, radon, and power lines 
In the 1990s two theories were published proposing mechanisms that might explain how expo-
sure to electric power lines might lead to human disease.  These theories are based on the idea 
that power line electric or magnetic fields might focus or attract naturally occurring radiation in 
quantities large enough to lead to human health effects.  If this were true, it might explain the 
slight increase in risk of childhood leukemia that has been reported in some epidemiological 
studies. 

Cosmic Radiation 
In 1992, Anthony Hopwood, an amateur astronomer, published an article in Electronics World 
and Wireless World entitled Natural Radiation Focused by Power Lines.  Using a homemade ra-
diation detector, Mr. Hopwood took radiation count measurements under and near an 11 kV 
power line.  He reported that the counts varied as he moved away from the line.  He recorded a 
minimum count immediately under the line.  The count reached a maximum a few meters away 
from the centerline but then continued to decrease as he moved further away from the line.  
Hopwood hypothesized that the power lines somehow “focused” cosmic rays at a certain dis-
tance from the line.  Exposure to these higher concentrations of cosmic rays might lead to health 
effects. 

Shortly after Hopwood published his theory, England’s National Radiological Protection Board 
(NRPB) conducted a study to test his hypothesis.  Researchers for the NRPB attempted to repro-
duce Hopwood’s experiment using more sophisticated measuring devices.  They took radiation 
counts at the same 11 kV line tested by Hopwood and at a 440 kV line.  They could not duplicate 
Hopwood’s results and found no significant differences in radiation measurements under or away 
from the line. 

In 1997 and again in 2000, researchers reported additional attempts to duplicate Hopwood’s find-
ings.  In both these studies, the researchers concluded that there is little support for Hopwood’s 
theory that power lines could focus cosmic radiation in such concentrations as to threaten human 
health.  Vistnes et. al. measured cosmic radiation under and around a 300 kV and a 420 kV pow-
er line.  They found small variations in dose rates with distance from the power lines.  However, 
no symmetrical pattern was observed.  These researchers concluded that their study did not sup-
port the idea that power lines could “focus” cosmic radiation.  Skedsmo and Vistnes concluded 
in their study that Hopwood’s hypothesis “… is neither supported by any experimental observa-
tions performed after the original finding, nor by our theoretical analyses.  While in theory a 
small effect of electromagnetic fields on the trajectories of cosmic particles can be demonstrated, 
our simulations show that the effect is far too small to be of any possible health significance.” 



 

Radon  
Radon is an odorless, naturally occurring radioactive gas that comes from the soil.  Radon and its 
radioactive decay products are found in easily measurable concentrations in all outdoor air and in 
higher concentrations indoors.  Studies of tens of thousands of miners exposed to high concentra-
tions of radon and its decay products show that they cause lung cancer.  However, these studies 
found no significant increase in other forms of cancer due to exposure to radon and it decay 
products.  The risk of lung cancer from exposure to radon and radon decay products depends on 
their concentration in air and the length of time a person is exposed to the radon source. 

In 1996 and again in 1999, D. L. Henshaw et al.  published papers suggesting that the electric 
fields created by large electric transmission lines could significantly increase the concentration 
and deposition of radon decay products in the vicinity of power lines.  Inhaling the  increased 
concentrations of radon decay products might increase the risk of cancer.  This theory is some-
times referred to as the Henshaw hypothesis. 

However, other measurement studies have not been able to show that power lines can signifi-
cantly increase local concentrations of radon. Miles and Algar measured radon decay product 
concentrations in high and low electric fields created by a high-voltage (400kV) power line.  
Their results found no significant difference in outdoor radon decay product concentrations be-
tween locations with high and low electric fields.   

In another study McLaughlin and Gath studied the behavior of airborne radon daughters in the 
vicinity of a 400 kV power line.  They took measurements with the power line on and off.  They 
found that the fields produced by the power line did not concentrate radon decay products under 
or near the power line.  Their study also provided no support for the Henshaw hypothesis. 

The Wisconsin Department of Health and Family Services - Radiation Protection Section 
acknowledges that if radon and radon decay product concentrations increased near power lines, 
there might be a small increase in the risk of lung cancer for people spending a large amount of 
time under or very near those lines.  However, the increased risk is insignificant compared to the 
risk from indoor radon levels.  Outdoor radon concentrations are about a quarter of average in-
door levels.  People spend very small amounts of time in a single location outdoors.  Studies 
have shown that on average, people spend 70 percent of their time in their homes.  So the in-
creases found by Henshaw do not represent a significant increase in people’s total radon expo-
sure. 

If the insignificant increases in radon and decay product concentrations suggested by Henshaw 
were responsible for significant increases in the incidence of leukemia or any other cancer, we 
certainly would see a more significant incidence of those cancers resulting from radon in homes.  
There also would have been significant increases in those cancers in the miner studies.  In addi-
tion, subsequent scientific studies have not confirmed the results of Henshaw’s research.   

Based on the scientific research to date, and consistent with the assessments of major authorita-
tive groups, the Wisconsin Department of Health and Family Services - Radiation Protection 
Section believes there is no compelling evidence indicating that power lines increase the risk of 
any kind of cancer by concentrating radon and radon decay products in their vicinity. 



 

Whole animal studies 
Whole animal studies involve subjecting study animals to EMF under strictly controlled condi-
tions.  When epidemiological studies suggest associations between exposure agents and disease, 
whole animal studies are used to determine whether or not exposure does indeed lead to disease.  
Until recently few studies on animal carcinogenesis and EMF have been conducted. 

In 1997 a study conducted by Yasui et. al. exposed male and female rats to 50 Hz fields at levels 
of 5 and 50 Gauss.  No effect was found on overall cancer rates or rates of leukemia, lymphoma, 
brain cancer, and breast cancer.  Another 1997 study conducted by Mandeville et. al. exposed 
female rats for two years to 60Hz fields at intensities of 20 mG, 200 mG, 2 Gauss, and 20 Gauss.  
No effect on survival, or leukemia or solid tumor incidence was found.  In 1998, Harris et. al. 
exposed lymphoma-prone mice to 50 Hz fields at 10 mG, 1 Gauss, and 10 Gauss.  This study 
found no effect on lymphoma incidence.  The U. S. National Toxicology Program supported 
studies by McCormick and Boorman et. al.  These studies showed that mice and rats exposed to 
power-frequency EMF had no increase in mortality or cancer incidence.  Exposure to intermit-
tent (one hour on and one hour off) fields at 60 Hz and 10 Gauss had no effect on overall cancer, 
leukemia, brain cancer, lymphoma, or breast cancer.  A recent study also looked at the impact of 
EMF exposure on rats with leukemia.  This study exposed leukemic rats to 50 Hz fields at 1 
Gauss until the test subjects died.  Exposure to EMF had no effect on the progression of leuke-
mia. 

Overall, whole animal exposure studies conducted to date have not shown evidence that long-
term exposure to EMF causes cancer and found no link to leukemia, brain cancer, and breast can-
cer. 

REVIEWS and RECOMENDATIONS 

National Research Council EMF Research Review 
In 1991, the U.S. Congress requested the National Academy of Sciences to review the literature 
on the health effects from exposure to EMF.  The National Research Council (NRC) was given 
the task of conducting the review.  A 16-member committee composed of scientists and other 
experts reviewed more than 500 studies spanning 17 years of research.  The studies covered a 
wide range of subject areas including cellular and molecular effects, epidemiology, and animal 
and tissue effects.  Based on this comprehensive evaluation, the committee issued a 314-page 
report in October 1996.  This report concluded that the current body of scientific evidence does 
not show that exposure to EMF presents a human health hazard.  No conclusive or consistent ev-
idence has shown that exposure to residential EMF produces cancer, neurobehavioral problems, 
or reproductive and development effects.  The NRC review did not cover occupational exposure 
studies. 

EMF research and public information dissemination program 
In 1992, the National Energy Policy Act established a federal scientific and engineering research 
program to study EMF.  This program is called the EMF Research and Public Information Dis-



 

semination (RAPID) Program.  The National Institute of Environmental Health Sciences 
(NIEHS) is charged with evaluating the human health effects of exposure to EMF.  In June 1998, 
a scientific working group, established to advise the NIEHS, issued a report recommending that 
EMF be classified as a Class 2B possible carcinogen using a classification system developed by 
the International Agency for Research on Cancer (IARC).  This is not a determination of carcino-
genicity.  In the IARC classification system, a substance must be placed in Class 2B if there is 
inadequate epidemiological evidence and insufficient animal data supporting carcinogenicity.  
The report states in its conclusion: 

“The NIEHS believes that the probability that ELF-EMF exposure is truly a health hazard is cur-
rently small.  The weak epidemiological associations provide only marginal, scientific support 
that exposure to this agent is causing any degree of harm.  The NIEHS concludes that ELF-EMF 
exposure cannot be recognized as entirely safe because of weak scientific evidence that exposure 
may pose a leukemia hazard.  In our opinion, this finding is insufficient to warrant aggressive 
regulatory concern.” 

The NIEHS continues to study and evaluate EMF, but the scientific support for a serious health 
risk is very small, even after two decades of research. 

National radiation protection board report—2001 
In early March of 2001, England’s National Radiological Protection Board (NRPB) issued a re-
port on power frequency magnetic fields.  The report is a comprehensive review of epidemiolog-
ical and experimental studies on exposure to power frequency magnetic fields and human dis-
ease.  The report concluded that at a cellular level, there is no clear evidence of power frequency 
EMF affecting biological processes.  Animal studies of carcinogenesis also provide no support 
for power frequency EMF causing cancer.  This includes studies of leukemia, lymphoma, brain 
cancers, and tumors in general.  Studies of impacts on melatonin showed no changes in the tim-
ing and production of melatonin in human test subjects.  In addition, the report stated that there 
was no evidence of any EMF link to breast cancer or to negative effects on the immune system.   

The NRPB report also reviewed epidemiological studies and concluded that there is no evidence 
linking EMF to cancers in general or leukemia in adults.  In its conclusion the report states: “In 
the absence of clear evidence of a carcinogenic effect in adults, or of a plausible explanation 
from experiments on animals or isolated cells, the epidemiological evidence is currently not 
strong enough to justify a firm conclusion that such fields cause leukemia in children.”  While 
the NRPB advisory group recognized that the scientific evidence associating exposure to power 
frequency EMF and health effects is very weak it also suggested that there remains a possibility 
of a small risk of leukemia in children under the age of 15.  As a result, the NRPB recommended 
the continued study of exposure to children.    

Summary 
Many scientists believe the potential for health risks for exposure to EMF is very small.  This is 
supported, in part, by weak epidemiological evidence and the lack of a plausible biological 
mechanism that explains how exposure to EMF could cause disease.  The magnetic fields pro-
duced by electricity are weak and do not have enough energy to break chemical bonds or to 
cause mutations in DNA.  Without a mechanism, scientists have no idea what kind of exposure, 



 

if any, might be harmful.  In addition, whole animal studies investigating long-term exposure to 
power-frequency EMF have shown no connection between exposure and cancer of any kind. 

While scientific consensus appears to be forming, there are still some unanswered questions 
about EMF exposure and human health.  The Commission will continue to consider EMF in its 
power line siting decisions.  But the Commission must balance the likelihood of health effects 
from exposure to power line EMF with issues of need, cost, and environmental impact.  The PSC 
will base its EMF policy on a continuing review of scientific research. 

2002 Report from the State of California 
In response to a California Public Utilities Commission request, three scientists from the Califor-
nia Department of Health Services reviewed the studies related to possible health problems from 
exposure to EMF created by power lines, wiring in homes and businesses, and appliances.   This 
panel’s conclusions differed from the conclusions of other review panels (NIEHS, IARC, and the 
NRPB) by expressing a greater belief that exposure to EMF may lead to some degree of in-
creased risk for certain diseases.  The report’s major conclusions are: 
 

 To one degree or another, all three of the DHS scientists are inclined to believe 
that EMFs can cause some degree of increased risk of childhood leukemia, adult 
brain cancer, Lou Gehrig’s Disease, and miscarriage. 

 � They strongly believe that EMFs do not increase the risk of birth defects, or 
low birth weight. 

 They strongly believe that EMFs are not universal carcinogens, since there are a 
number of cancer types that are not associated with EMF exposure. 

 To one degree or another they are inclined to believe that EMFs do not cause an 
increased risk of breast cancer, heart disease, Alzheimer’s Disease, depression, or 
symptoms attributed by some to a sensitivity to EMFs. However, 

 All three scientists had judgments that were "close to the dividing line between 
believing and not believing" that EMFs cause some degree of increased risk of 
suicide,  

 For adult leukemia, two of the scientists are "close to the dividing line between 
believing or not believing" and one was "prone to believe" that EMFs cause some 
degree of increased risk. 
 

The reviewers were asked to express in numbers their individual professional judgments that the 
range of added personal risks suggested by the epidemiological studies were “real.”  They did 
this as a numerical “degree of certainty” on a scale of 0 to 100.  For two of the reviewing scien-
tists the degree of certainty for some of their conclusions was quite large, indicating a weakness 
in their positive conclusions. 

An internal Electric and Magnetic Field Scientific Advisory Panel (SAP) reviewed the final Cali-
fornia report.  This review panel wrote: 

“The panel all agreed that the conclusions were logically supported within the 
range of reasonable scientific discourse… But there was consensus among the 



 

SAP members that different evaluators with the same or different professional 
backgrounds may use the DHS guidelines and arrive at different numerical confi-
dence estimates, perhaps substantially different… All three evaluators were pri-
marily epidemiologists… Based on a sample of only three evaluators sharing a 
similar professional background, the conclusions drawn by these evaluators might 
not generalize to those from other professions.”   

 
While the California report should not be discounted, its weaknesses must be acknowledged in 
the light of the conclusions reached by other review panels.   

2002 report from the International Agency for Research on Cancer (IARC) 
 
In 2002 The IARC released its report on EMF (Static and Extremely Low-frequency (ELF) Elec-
tric and Magnetic Fields).  The IARC reviewed the available scientific evidence to date and 
reached largely the same conclusions found in the NIEHS review of magnetic fields.  This report 
did not find reliable and consistent evidence to implicate exposure to EMF with increased risk 
for adult cancers or reproductive effects.  However, the study also concluded that: 
 

“The association between childhood leukemia and high levels of magnetic fields 
is unlikely to be due to chance, but it may be affected by bias.  In particular, selec-
tion bias may account for part of the association…. It cannot be excluded that a 
combination of selection bias, some degree of confounding and chance could ex-
plain the results.  If the observed relationship were causal, the exposure-
associated risk could also be greater than what is reported.”  

 
The IARC did classify low frequency EMF as a Class 2B carcinogen because of the lingering 
concern regarding childhood leukemia.   Agents listed in Class 2B are considered possible car-
cinogens as opposed to Class 1 – definitely a carcinogen, and Class 2A – a probable carcinogen.  
For agents in Class 2B there is limited epidemiological evidence plus limited or inadequate evi-
dence from animal tests.  Class 2B agents include automobile exhaust, coffee, and pickled vege-
tables.   
 
2007 World Health Organization (WHO) – Environmental Health Criteria 
(EHC) Monograph 238 – Extremely Low Frequency Fields (0-100 kHz) 

 
The WHO monograph on extremely low frequency (ELF) electric and magnetic fields reviewed 
the scientific literature on exposure to ELF fields and the potential for human health impacts.  
The report evaluated biophysical mechanisms, neurobehavior, potential effects on the neuroen-
docrine system, neurodegenerative disorders, cardiovascular disorders, the immune system, re-
production and development, and cancer.    
 
 
 
Biophysical Mechanisms: 
The report reviewed scientific work on explaining the biological mechanism by which exposure 
to ELF fields might cause human health impacts.  The biological mechanisms reviewed in this 



 

report included direct biophysical interactions with fields.  These included: breaking of chemical 
bonds, effects on charged particles, and narrow bandwidth or the “resonance” mechanism.  The 
scientific evidence did not find plausible support for these mechanisms. (See page 12 for a dis-
cussion on biological mechanisms).  In addition, other possible mechanisms such as neural re-
sponse, radical pair, and effects on magnetite in the brain were found to be implausible.   
 
Possible Health Effects: 
The review found that scientific evidence did not support a link between ELF magnetic fields 
and health effects resulting in impacts to neurobehavior (hypersensitivity, depression, and insom-
nia), the endocrine system, neurodegenerative disease (ALS and Alzheimer’s), cardiovascular 
disorders, human reproduction, or the immune system.  In general, studies exploring these areas 
of human health were inconclusive, inconsistent, or showed no support at all for health impacts.   
 
Cancer and Childhood Leukemia: 
For cancer studies, the WHO review incorporated the IARC 2002 conclusions (See above).  In 
addition, the WHO reviewed studies conducted since the IARC released its scientific review in 
2002.  In terms of adult cancers, the review concluded that a consistent association between ex-
posure to power frequency magnetic fields and adult leukemia or brain cancer has not been es-
tablished.   
 
Since the IARC review, two major epidemiological studies on childhood leukemia have been 
published: the Draper and Kabuto studies. (See page 9)   These studies were added to the WHO 
epidemiological review.   
 
The WHO review concluded that studies on the effects of ELF magnetic fields on cells have 
shown no evidence of genotoxicity.  In addition, studies on cell proliferation, calcium signaling, 
intercellular communication, heat shock protein expression, and malignant transformation have 
not yielded positive results linking ELF exposure to changes in cellular function. 
 
Overall, in terms of effects on the occurrence of cancer including childhood leukemia, the WHO 
report did not find any overwhelming evidence that would change the conclusions of the IARC 
2002 report.  While some concern remains, the continued lack of support from whole animal 
studies and a continued inability to explain the mechanism by which disease may be caused by 
low level ELF exposure continues to temper the final scientific judgment.  The report’s final con-
clusion on health risk for childhood leukemia states: 
 

“Consistent epidemiological evidence suggests that chronic low-intensity ELF 
magnetic field exposure is associated with an increased risk of childhood leuke-
mia.  However, the evidence for a causal relationship is limited, therefore expo-
sure limits based upon epidemiological evidence are not recommended, but some 
precautionary measures are warranted.” 



 

Pacemakers and Defibrillators—Electromagnetic 
Interference 
Implantable medical devices are becoming increasingly common.  Two such devices, pacemak-
ers and implantable cardioverter defibrillators (ICDs), have been associated with problems aris-
ing from interference caused by magnetic and electric fields.  This type of interference is often 
termed electromagnetic interference or EMI.  EMI can cause inappropriate triggering of a device 
or inhibit the device from responding appropriately.  Sources of EMI have been documented by 
medical personnel and include radio-controlled model cars, slot machines, car engines, digital 
cellular phones, anti-theft security systems, certain procedures conducted in a hospital environ-
ment including radiation therapy, and high-voltage electrical systems and devices.  It has been 
estimated that up to 20 percent of all firings of ICDs are inappropriate, but only a very small per-
centage of those are caused by external electromagnetic interference.  

Modern implantable devices are very sophisticated and are capable of a wide variety of tasks and 
functions.   

Pacemakers and ICDs perform different tasks within the body.  Pacemakers are designed to pro-
vide the heart with the appropriate electrical signal needed to stimulate regular contractions.  
Pacemakers are programmable and can function in a number of different modes.  Commonly, 
pacemakers exposed to electromagnetic interference of sufficient size and frequency will revert 
to what is called an asynchronous mode pacing.  Once the interference is removed, the pacemak-
er returns to its normal operating parameters.  Asynchronous mode is not life threatening and 
will not harm a patient.  However, a serious situation might occur if external electromagnetic in-
terference is large enough to “trick” the pacemaker circuitry into interpreting the interference as 
normal heart behavior but is not large enough to trigger asynchronous mode.  In that case, the 
pacemaker would be inhibited from firing and would not respond appropriately to a slow heart 
rate or cardiac insufficiency.  This could result in a serious health threat. 

Defibrillators or ICDs detect when ventricular fibrillation occurs and will then administer a 
shock to the heart to reestablish a normal heart rhythm.  In certain circumstances it is possible for 
EMI to mimic electrical signals that the ICD interprets as fibrillation.  In this case the ICD can 
inappropriately deliver a shock to the heart.  This type of response has been reported in a case of 
prolonged exposure to fields generated by an antitheft device in the doorway of a store. 

A number of researchers, primarily in England, have studied the behavior of implantable cardiac 
devices exposed to 50 Hz high-voltage electrical systems.  The researchers found that exposure 
to electric fields can induce currents in the body that can interfere with the proper operation of 
pacemakers and ICDs.  The results from these studies can be somewhat confusing because re-
sponses to electric fields will vary depending on the manufacturer and model of the devices stud-
ied.  In addition, the physical attributes of study subjects, the degree of grounding, and their loca-
tion (i.e. their physical orientation in space with respect to the electric field) all have an impact 
on the amount of body current induced and how the implanted device responds. 

The first study of power-frequency EMI and implantable cardiac devices was published in 1983 
by Butrous et. al.  This study examined 35 patients with pacemakers.  The pacemakers included 
16 different models from 6 manufacturers.  The patients were exposed to electric fields in the air 



 

that varied from 1 kV/m to 20 kV/m.  These fields induced body currents of between 10 and 337 
microamperes (µA).  The study showed a clear linear relationship between electric field intensity 
and body currents.  The researchers identified four device responses to the EMI:  (1) normal 
sensing and pacing in some units; (2) reversion to the fixed (asynchronous) rate in other units; 
(3) slow and irregular pacing in several units; (4) mixed behavior over a specific range of field 
strengths in which slow and irregular pacing preceded reversion to asynchronous or fixed rate 
pacing.   

Reversion to asynchronous pacing occurred in 18 test subjects.  This condition is generally not 
life threatening; the physiologic responses of patients ranged from no noticeable difference in 
physical well-being to a sense of discomfort or dizziness.  In this study, seven of the 18 patients 
experiencing reversion to asynchronous pacing reported being aware of competitive pacing and 
described the sensation as very uncomfortable.  One patient experienced dizziness.  In addition, 
some studies have indicated that there is a small possibility that reversion to asynchronous pac-
ing could lead to dangerous arrhythmias.,  

In the Butrous study, pacemaker responses depended on the magnitude and distribution of in-
duced body current relative to the pacemaker as well as field strength.  The threshold at which an 
implantable device responded to an external EMI varied for each unit depending on the make 
and model of the device and the patient height, build, and posture (physical orientation with re-
spect to the electric field).  The results showed a wide range of responses.  For example, each of 
the units from one manufacturer reverted to asynchronous mode at widely different body cur-
rents (37, 46, 55, and 70µA).  Electric currents in the range of 2-5 kV/m can cause body currents 
of this magnitude. 

In 1988, Kaye et. al. studied 28 patients with pacemakers and temporary transvenous electrodes.  
This study induced body currents into patients in order to simulate exposure to electric fields.  
The minimum current producing inappropriate pacing varied widely among different pacemakers 
ranging from 27-246 µA.  Using the linear relationship between body currents and electric fields 
demonstrated by Butrous et. al. in their 1983 study, it can be inferred that the most sensitive 
pacemaker studied by Kaye could have malfunctioned when exposed to a 50 Hz electric field of 
1.5-2.0 kV/M.  The least sensitive pacemakers would not have shown inappropriate behavior un-
til electric fields reached nearly 20 kV/m.  In this study three Medtronic pacemakers did not ex-
hibit inappropriate behavior and were unaffected by body currents up to 600 µA. 

Astridge et. al. exposed 22 patients with implanted dual pacemakers to body currents.  Patients 
were selected with programmable pacemakers with interchangeable lead configurations.  In all, 
pacemakers from four manufacturers (five different models) were studied.  Because the pace-
makers all had interchangeable lead configurations, the researchers were able to study differ-
ences in pacemaker behavior between monopolar and bipolar configurations.  With the exception 
of one manufacturer (Medtronic), all pacemakers eventually malfunctioned when exposed to 50 
Hz current.  Dual chamber pacemakers with a monopolar lead configuration were considerably 
more sensitive to induced 50 Hz body currents.  Inappropriate operation for dual chamber pace-
makers, configured with the atrial lead monopolar, occurred for body currents ranging from 10-
80µA (electric fields in the range of 1.5-4 kV/m could, under proper conditions, induce similar 
body currents).  For pacemakers with the ventricular lead monopolar, the onset of inappropriate 
behavior occurred over a range of from 40-120 µA of induced body current (3-12 kV/m).  



 

Toivonen et. al. studied the behavior of pacemakers for 15 patients using 12 different models of 
pacemakers from four manufacturers.  This study exposed patients to 50 Hz, 110 kV and 400 kV 
high-voltage power lines.  As with other studies the results varied considerably among type and 
model.  Results showed that for pacemakers programmed to a normal sensitivity (monopolar 
mode) the earliest evidence of pacing abnormalities occurred for one pacemaker in areas with 
electric fields ranging from 1.2 to 1.7 kV/m (near the 110 kV power line).  Five pacemakers 
showed signs of inhibition and six signs of premature pacing when exposed to areas with electric 
fields in the 7 to 8 kV/m range (near the 400 kV power line).  Considerable variability was found 
among pacemaker models.  Some pacemakers maintained normal function even in 8 kV/m fields. 

The effects of exposure to high-voltage power systems will vary between individual and make 
and model of pacemaker or ICD.  Electric fields appear to be the most likely source of interfer-
ence.  Magnetic field levels that may cause problems with pacemakers and ICDs are generally 
very large.  Technical data from Medtronic (a major manufacturer of pacemakers and ICDs) rec-
ommend a threshold of 1 gauss for modulated magnetic fields.  This threshold level is 5 to 10 
times greater than the magnetic fields likely to be produced by a high voltage power line.  Elec-
tric fields, however, may be more problematic.  Medtronic recommends a “two to three foot dis-
tance from the pacemaker to high voltage lines for every 10,000 volts.”  Electric fields below 
6 kV/m will not interfere with Medtronic ICDs. 

Power lines are only one of a number of potential EMI sources that people are exposed to in their 
daily lives.  Some examples of common sources of EMI include cellular phones, the ignition sys-
tem of internal combustion engines (cars, lawnmowers, and chainsaws), slot machines, and an-
titheft devices found in many retail stores.  All pacemaker and ICD patients are informed of the 
potential problems associated with exposure to EMI and must adjust their behavior accordingly.  
Moving away from a source is a standard response to the effects of exposure to EMI.  Electric 
fields are also relatively easy to shield.  Buildings, cars, or the enclosed cab of a truck or tractor 
should provide ample shielding from external electric fields.   

Reducing EMF Levels from Power Lines 

Low-EMF pole design 
A common method to reduce EMF is to bring the lines (conductors) closer together.  This reduc-
es the magnetic fields created by each of the three conductors because the fields interfere with 
one another.  The overall effect is to reduce the total EMF coming from the line.  There are prac-
tical limits to how close together conductors can be placed.  Conductors must be far enough apart 
so that arcing cannot occur and so that utility employees can safely work around them. 

The benefit of using a structure design that reduces EMF will diminish as you move away from 
the power line.  Generally, EMF levels for most modern transmission pole designs are nearly the 
same at a distance of between 150 to 200 feet. 

Magnetic fields can also be reduced with a double-circuit pole.  A double-circuit pole has two 
circuits on one structure.  When a double circuit is built, the magnetic fields from each of the 
phase conductors will interact with one another.  This often results in a reduction in magnetic 



 

fields over what would be experienced with just one transmission line in place.  In addition, dou-
ble-circuit poles are often taller and therefore raise the wires farther overhead. 

Disadvantages of low-EMF poles 
The closer the conductors are to one another, the shorter the distance between poles.  This means 
that a power line using low-EMF poles will tend to have more poles per mile.  Increasing the 
number of poles increases the cost of the line.  It may also increase environmental impacts.  For 
example, using more poles may make farming more difficult. 

Why don’t the utilities use low-EMF poles for all their projects? 

• Using all low-EMF poles usually increases the total cost of the project because there 
are more poles per mile. 

• Other types of construction may be necessary to reduce environmental impacts.  For 
example, poles capable of supporting the conductors over larger spans can be used to 
cross rivers, small wetlands, or farm fields. 
 

Figure 3 compares magnetic fields between a low-EMF pole (V-string design) and a higher EMF 
pole (Davit Arm design).  At 150 feet, the magnetic fields are very nearly the same for each 
structure.  In this example, it would seem reasonable to use low-EMF poles when the line is 
within 150 feet of a residence, school, or hospital.  However, the extra cost would not be justified 
if the line were further than 150 feet from these buildings because it would not reduce exposure 
to the inhabitants. 

Underground lines decrease magnetic fields 
Analysis shows that underground power lines, especially on transmission systems, reduce mag-
netic fields.  Underground lines bring the conductors closer together than is possible with an 
overhead line.  While the magnetic field directly over an underground transmission line can be 
very high, the closeness of the conductors increases the cancellation effect.  This means that the 
magnetic fields from an underground line will diminish much more rapidly with distance from 
the line.  A study conducted by the State of Rhode Island indicated that at a distance of as little 
as 25 feet, an underground transmission line can reduce EMF by more than 99 percent when 
compared to overhead lines. 



 

Figure 3 EMF for two types of transmission structures 
 

 
 

Today, some high voltage transmission lines in heavily developed urban areas are built under-
ground.  This is because adequate clearances may not be possible for overhead lines on congest-
ed city streets.  Typically, lines are buried 3.5 to 4 feet deep. 

Some problems with underground transmission lines: 

• They are more expensive.  Because there are many project specific variables that af-
fect the cost of any transmission line, the relative difference in cost between overhead 
and underground construction can vary.  In most cases, however, underground con-
struction costs range between four and ten times more than equivalent overhead con-
struction costs.  Occasionally unusual circumstances, (i.e., an underground crossing 
of a major river with a high capacity line), could drive costs higher than ten times 
overhead construction. 

• While outages are rare, they are difficult and time-consuming to repair, possibly re-
sulting in longer power outages. 

• They can cause serious environmental problems, depending on their location.  
(Buried cables require digging trenches which disturbs the soil.  Oil-filled cables pre-
sent the danger of fluid leaks that can result in soil and water contamination.) 



 

Commission Activity 

Orders to the Wisconsin utilities 
Since 1989, the Commission has periodically reviewed the science on EMF and has held hear-
ings (as part of its Advance Plan process) to consider the topic of EMF and human health effects.  
The most recent hearings on EMF were held in July 1998.  As a result of these hearings, the 
Commission has ordered Wisconsin utilities to: 

• Contribute to the national EMF research effort. 

• Provide information to the public on EMF, perform EMF measurements for custom-
ers upon request, and develop (with Commission staff guidance) a uniform EMF 
measurement protocol. 

• Evaluate and include information on how magnetic fields differ for alternative power 
line configurations in construction applications. 

• Consider the number of persons exposed to EMF along proposed transmission line 
routes and the intensity and duration of exposure. 

• Submit a list of homes, workplaces, hospitals, nursing homes, day-care centers, and 
schools near proposed and alternate transmission line routes. 
 

Certification requirements for construction projects 
Magnetic field estimates for proposed utility projects 
A utility must provide information on EMF when it applies to the Commission for permission to 
build a transmission line.  Each application must include estimates of the magnetic field created 
by the proposed new line.  Utility engineers calculate the EMF for any given voltage, pole de-
sign, and current flow based on criteria established by Commission staff.   

The Commission requires utilities to provide information about the types of buildings along any 
route:  residences, hospitals, nursing homes, day-care centers, schools, and workplaces.   In its 
application, a utility must report the number and type of buildings within 300 feet of a proposed 
centerline.   EMF fields also calculated out to a minimum of 300 feet.  In situations where a pro-
posed line would replace an existing line or be built as a double circuit with an existing line, the 
utility is also required to provide estimates of the magnetic fields that are being produced by the 
existing facility.   During the review process, Commission staff calculates the changes in EMF 
levels likely to occur as a result of the new line.  Estimates are created for a new line using the 
expected loads (current flow) at the time the line would go into service and for estimated loads 
ten years in the future. 

Commission staff checks the utility’s calculations of the estimated magnetic fields and then ana-
lyzes each route for potential exposure to magnetic fields.  This information is then provided to 
the public and considered in route selection decisions made by the Commission.  When selecting 
transmission line routes, the Commission seeks to balance environmental and social impacts with 
need, performance, and cost. 



 

 
 

The Public Service Commission of Wisconsin is an independent state 
 agency that oversees more than 1,100 Wisconsin public utilities that 

 provide natural gas, electricity, heat, steam, water and 
telecommunication services. 
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AGRICULTURAL IMPACT MITIGATION PLAN 

CapX2020 

Purpose  

This Agricultural Impact Mitigation Plan ("AIMP" or ‘the plan’) was developed by Northern 
States Power Company, a Minnesota corporation and wholly-owned subsidiary of Xcel Energy 
Inc., and Great River Energy, a Minnesota generation and transmission cooperative (together, 
referred to as “the Utilities"), representing the CapX2020 utility consortium and with the 
Minnesota Department of Agriculture (“MDA”). The overall objective of this AIMP is to 
identify measures the Utilities will take to avoid, mitigate, repair and/or provide compensation 
for impacts that may result from 345 kV electric transmission line construction of the CapX2020 
projects on Agricultural Land in Minnesota.  

CapX2020 (“CapX2020”) is a joint initiative of 11 transmission-owning utilities in Minnesota 
and the surrounding region.  The purpose of CapX2020 is to study, develop, permit and construct 
electric transmission infrastructure as needed to implement long-term and cost-effective 
solutions for customers to meet the growth in energy use expected by the year 2020. The three 
CapX2020 projects included in this AIMP are described as:  

1)  the 345 kV transmission line from Brookings County, South Dakota to Hampton, Minnesota;  

2) the 345 kV transmission line from Monticello, Minnesota to St. Cloud to the Fargo area, 
North Dakota; and 

3) the 345 kV transmission line from Hampton, Minnesota to Rochester to La Crosse, Wisconsin. 

Collectively, these three transmission lines are referred to as the “CapX2020 Projects”.  

The construction standards and policies in this plan apply only to construction activities 
occurring partially or wholly on privately owned Agricultural Land. The measures do not apply 
to construction activities occurring entirely on public rights-of-way, railroad rights-of-way, 
publicly owned land, or private land that is not Agricultural Land.  The Utilities will, however, 
adhere to the same construction standards relating to the repair of agricultural tile (Item No. 3 in 
the AIMP) when Tiles are encountered on public highway rights-of-way, railroad rights-of-way, 
or publicly or privately owned land.  

Appendix B of this AIMP applies only to Organic Agricultural Land as described in the National 
Organic Program Rules, 7 CFR Parts 205.100, 205.202, and 205.101.  

Unless the Easement or other agreement, regardless of nature, between the Utilities and the 
Landowner or Tenant specifically provides to the contrary, the mitigative actions specified in the 
construction standards and policies set forth in this AIMP will be implemented in accordance 
with the General Provisions.  
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General Provisions 

The mitigative actions are subject to change by Landowners or Tenants, provided such changes 
are negotiated with and acceptable to the Utilities.   

Certain provisions of this AIMP require the Utilities to consult with the Landowner and Tenant 
of a property. The Utilities will engage in a good faith effort to secure the agreement of both 
Landowner and Tenant in such cases.  

Unless otherwise specified, the Utilities will retain qualified contractors to execute mitigative 
actions.  However, the Utilities may negotiate with Landowners or Tenants to carry out the 
mitigative actions that Landowners or Tenants wish to perform themselves.  

Mitigative actions employed by the Utilities pursuant to this AIMP, unless otherwise specified in 
this AIMP or in an Easement or other agreement negotiated with an individual Landowner or 
Tenant, will be implemented within 45 days following completion of Final Clean-up on an 
affected property, weather permitting, or unless otherwise delayed by mutual agreement between 
Landowner or Tenant and Utility. Temporary repairs will be made by the Utilities during 
construction as needed to minimize the risk of additional property damage or interference with 
the Landowner's or Tenant's access to or use of the property that may result from an extended 
time period to implement mitigative actions.  

The Utilities will implement the mitigative actions contained in this AIMP to the extent that they 
do not conflict with the requirements of any applicable federal and/or state rules and regulations 
and other permits and approvals that are obtained by the Utilities for the project or they are not 
determined to be unenforceable by reason of other requirements of federal and state permits 
issued for the project. To the extent a mitigative action required by this agreement is determined 
to be unenforceable in the future due to requirements of other federal or state permits issued for 
the project, the Utilities will so inform the Landowner or Tenant and will work with them to 
develop a reasonable alternative mitigative action.  

Prior to the construction of the transmission line, the Utilities will provide each Landowner and 
Tenant with a telephone number and address which can be used to contact the Utilities, both 
during and following the completion of construction, regarding the agricultural impact mitigation 
work which is performed on their property or other construction-related matter. If the contact 
information changes at any time before completion of Final Clean-up and/or after the completion 
of construction, the Utilities will provide the Landowner and Tenant with updated contact 
information. The Utilities will respond to Landowner and Tenant telephone calls and 
correspondence within a reasonable time.  

The Utilities will use good faith efforts to obtain a written acknowledgement of completion from 
each Landowner and Tenant upon the completion of Final Clean-up on their respective property.  

If any provision of this AIMP is held to be unenforceable, no other provision will be affected by 
that holding, and the remainder of the AIMP will be interpreted as if it did not contain the 
unenforceable provision.  
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Mitigative Actions 

The Utilities will reasonably restore or compensate Landowners and/or Tenants, as appropriate, 
for damages caused by the Utilities as a result of transmission line construction, and as outlined 
in this plan. The decision to restore land or compensate Landowners will be made by the Utilities 
after discussion with the Landowner or Tenant. 

1. Pole Placement 

During the design of the project, the Utilities’ engineering, land rights and permitting 
staff will work together to address pole placement issues.  Utilities’ staff will work with 
Landowners on pole placement.  When the preliminary design is complete, the land rights 
agents will review the staked pole locations with the Landowners.   

2. Soil and Rock Removal for Bored Holes 

Any excess soil and rock will be removed from the site unless otherwise requested by the 
Landowner. 
 

3. Damaged and Adversely Affected Tile 

The Utilities will contact affected Landowners or Tenants for their knowledge of Tile 
locations prior to the transmission line's installation. Utilities will make every attempt to 
probe for Tile if the Landowner does not know if Tile is located in the proposed pole 
location. Tile that is damaged, cut, or removed as a result of this probe will be 
immediately repaired.  The repair will be reported to the Inspector. 

If Tile is damaged by the transmission line installation, the Tile will be repaired in a 
manner that restores the Tile's operating condition at the point of repair. If Tiles on or 
adjacent to the transmission line's construction area are adversely affected by the 
construction of the transmission line, the Utilities will take such actions as are necessary 
to restore the functioning of the Tile, including the relocation, reconfiguration, and 
replacement of the existing Tile. The affected Landowner or Tenant may elect to 
negotiate a fair settlement with the Utilities for the Landowner or Tenant to undertake the 
responsibility for repair, relocation, reconfiguration, or replacement of the damaged Tile. 
In the event the Landowner or Tenant chooses to undertake the responsibility for repair, 
relocation, reconfiguration, or replacement of the damaged Tile, the Utilities will not be 
responsible for correcting Tile repairs after completion of the transmission line (the 
Utilities are responsible for correcting Tile repairs after completion of the transmission 
line, provided the repairs were made by the Utilities or their agents or designees).  

Where the damaged Tile is repaired by the Utilities, the following standards and policies 
will apply to the Title repair: 

A. Tiles will be repaired with materials of the same or better quality as that which 
was damaged. 
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B. If water is flowing through a damaged Tile, temporary repairs will be promptly 
installed and maintained until such time that permanent repairs can be made. 

C. Before completing permanent Tile repairs, Tiles will be examined within the work 
area to check for Tile that might have been damaged by construction equipment. 
If Tiles are found to be damaged, they will be repaired so they operate as well 
after construction as before construction began. 

D. The Utilities will make efforts to complete permanent Tile repairs within a 
reasonable timeframe after Final Clean-up, taking into account weather and soil 
conditions. 

E. Following completion of the Final Clean-up and damage settlement, the Utilities 
will be responsible for correcting and repairing Tile breaks, or other damages to 
Tile systems that are discovered on the Right-of-Way to the extent that such 
breaks are the result of transmission line construction. These damages are usually 
discovered after the first significant rain event. The Utilities will not be 
responsible for Tile repairs the Utilities have paid the Landowner or Tenant to 
perform. 

4. Installation of Additional Tiles 

The Utilities will be responsible for installing such additional Tile and other drainage 
measures as are necessary to properly drain wet areas on the Right-of-Way caused by the 
construction of the transmission line.  

5. Construction Debris 

Construction-related debris and material which are not an integral part of the transmission 
line, and which have been placed there by the Utilities, will be removed from the 
Landowner's property at the Utilities’ cost. Such material to be removed would include 
excess construction materials or litter generated by the construction crews. 

6. Compaction, Rutting, Fertilization, Liming, and Soil Restoration 

A. Compaction will be alleviated as needed on Cropland traversed by construction 
equipment. Cropland that has been compacted will be plowed using appropriate 
deep-tillage and draft equipment. Alleviation of compaction of the topsoil will be 
performed during suitable weather conditions, and must not be performed when 
weather conditions have caused the soil to become so wet that activity to alleviate 
compaction would damage the future production capacity of the land as 
determined by the Agricultural Monitor.  

B. The Utilities will restore rutted land to as near as practical to its pre-construction 
condition. 

C. If there is a dispute between the Landowner or Tenant and the Utilities as to what 
areas need to be ripped or chiseled, the depth at which compacted areas should be 



 

 5

ripped or chiseled, or the necessity or rates of lime, fertilizer, and organic material 
application, the Agricultural Monitor's opinion will be considered by the Utilities. 

7. Damaged Soil Conservation Practices 

Soil conservation practices such as terraces and grassed waterways which are damaged 
by the transmission line's construction, will be restored to their pre-construction 
condition. 

8. Weed Control 

On land which is owned by Utilities for substation facilities, the Utilities will work with 
Landowners if requested on weed control activities outside of the substations with the 
intent to not allow the spread of weeds onto adjacent Agricultural Land.  Any weed 
control spraying will be in accordance with State of Minnesota regulations.  

9. Irrigation Systems 

A. If the transmission line and/or temporary work areas intersect an operational (or 
soon to be operational) spray irrigation system, the Utilities will establish with the 
Landowner or Tenant, an acceptable amount of time the irrigation system may be 
out of service.  

B. If, as a result of the transmission line construction activities, an irrigation system 
interruption results in crop damages, either on the Right-of-Way or off the Right-
of-Way, compensation of Landowners and/or Tenants, as appropriate, will be 
determined as described in section 11 of this AIMP.  

C. If it is feasible and mutually acceptable to the Utilities and the Landowner or 
Tenant, temporary measures will be implemented to allow an irrigation system to 
continue to operate across land on which the transmission line is also being 
constructed.  Utilities will work with the Landowner or Tenant to identify a 
preferable construction time. 

10. Temporary Roads 

The location of temporary roads to be used for construction purposes will be discussed 
with the Landowner or Tenant. 

A. The temporary roads will be designed so as to not impede proper drainage and 
will be built to mitigate soil erosion on or near the temporary roads. 

B. Upon abandonment, temporary roads may be left intact through mutual agreement 
of the Landowner or Tenant and the Utilities unless otherwise restricted by 
federal, state or local regulations. 
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C. If a temporary road is to be removed, the Agricultural Land upon which the 
temporary road is constructed will be returned to its previous use and restored to 
equivalent condition as existed prior to their construction. 

11. Construction in Wet Conditions 

If it is necessary to construct during wet conditions, and if the Agricultural Monitor 
believes conditions are too wet for continued construction, damages which may result 
from such construction will be paid for by the Utilities and/or appropriate restoration will 
be conducted.  Compensation for Landowners and/or Tenants, as appropriate, will be 
determined as described in section 12 of this AIMP.   

12. Procedures for Determining Construction-Related Damages and Providing 
Compensation 

A. The Utilities will develop and put into place a procedure for the processing of 
anticipated Landowners’ or Tenants’ claims for construction-related damages. 
The procedure will be intended to standardize and minimize Landowner and 
Tenant concerns in the recovery of damages, to provide a degree of certainty and 
predictability for Landowners, Tenants and the Utilities, and to foster good 
relationships among the Utilities, Landowners and their Tenants over the long 
term. 

B. Negotiations between the Utilities and any affected Landowner or Tenant will be 
voluntary in nature and no party is obligated to follow any particular method for 
computing the amount of loss for which compensation is sought or paid. The 
compensation offered is only an offer to settle, and the offer shall not be 
introduced in any proceeding brought by the Landowner or Tenant to establish the 
amount of damages the Utilities must pay. In the event the Utilities and a 
Landowner or Tenant are unable to reach an agreement on the amount of 
damages, the Landowner or Tenant may seek recourse through mediation. 

13. Advance Notice of Access to Private Property 

The Utilities will endeavor to provide the Landowner and/or Tenant advanced notice 
before beginning construction on the property.  Prior notice will consist of a personal 
contact, email, letter or a telephone contact, whereby the Landowner and the Tenant are 
informed of the Utilities' intent to access the land.  

14. Role and Responsibilities of Agricultural Monitor 

The Agricultural Monitor will be retained and funded by the Utilities, but will report 
directly to the MDA.  The primary function of the Agricultural Monitor will be to audit 
the Utilities’ compliance with this AIMP. The Agricultural Monitor will not have the 
authority to direct construction activities and will not have authority to stop construction.  
The Agricultural Monitor will notify the Utilities’ Inspector if he/she believes a 
compliance issue has been identified. The Agricultural Monitor will have full access to 
Agricultural Land crossed by the CapX2020 projects and will have the option of 
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attending meetings where construction on Agricultural Land is discussed. Specific duties 
of the Agricultural Monitor will include, but are not limited to the following: 

1. Participate in preconstruction training activities sponsored by the Utilities. 

2. Monitor construction and restoration activities on Agricultural Land for 
compliance with provisions of this AIMP. 

3. Report instances of noncompliance to the Utilities Inspector. 

4. Prepare regular compliance reports and submit to MDA, as requested by 
the MDA. 

5. Act as liaison between Landowners and Tenants and MDA, if necessary. 

6. Maintain a written log of communications from Landowners and/or 
Tenants regarding compliance with this AIMP. Report Landowner 
complaints to the Utilities Inspector and/or Right-of-Way representative. 

7. In disputes between Utilities and a Landowner and/or Tenant over 
restoration, determine if agricultural restoration is reasonably adequate in 
consultation with the Utilities Inspector. 

15. Qualifications and Selection of Agricultural Monitor 

The Agricultural Monitor will have a bachelor's degree in agronomy, soil science or 
equivalent work experience.  The Agricultural Monitor will have demonstrated practical 
experience with pipeline or electric transmission line construction and restoration on 
Agricultural Land. Final selection of the Agricultural Monitor will be a joint decision 
between the MDA and the Utilities. 

16. Role of the Utilities Inspector  

The Utilities Inspector will: 

1. Be full-time member of the Utilities inspection team. 

2. Be responsible for verifying the Utilities compliance with provisions of 
this AIMP during construction. 

3. Work collaboratively with other Utilities Inspectors, Right-of-Way agents, 
and the Agricultural Monitor in achieving compliance with this AIMP. 

4. Observe construction activities on Agricultural Land on a regular basis. 

5. Have the authority to stop construction activities that are determined to be 
out of compliance with provisions of this AIMP. 
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6. Document instances of noncompliance and work with construction 
personnel to identify and implement appropriate corrective actions as 
needed. 

7. Provide construction personnel with training on provisions of this AIMP 
before construction begins. 

8. Provide construction personnel with field training on specific topics as 
needed. 
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Appendix A:  Definitions  

Agricultural Land Land that is actively managed for cropland, hayland, or pasture, and 
land in government set-aside programs. 

Agricultural Monitor  Monitor retained and funded by the Utilities, reporting directly to the 
Minnesota Department of Agriculture (“MDA”) and responsible for 
auditing the Utilities' compliance with provisions of this AIMP.   

Cropland Land actively managed for growing row crops, small grains, or hay. 

Easement The agreement(s) and/or interest in privately owned Agricultural Land 
held by the Utilities by virtue of which it has the right to construct, 
operate and maintain the transmission line together with such other 
rights and obligations as may be set forth in such agreement. 

Final Clean-up Transmission line activity that occurs after the power line has been 
constructed. Final Clean-up activities include but are not limited to:  
removal of construction debris, de-compaction of soil as required, 
installation of permanent erosion control structures, final grading, and 
restoration of fences and required reseeding.   Once Final Clean-up is 
finished, Landowners will be contacted to settle all damage issues and 
will be provided a form to sign confirming final settlement. 

Landowner Person(s) holding legal title to Agricultural Land on the transmission 
line route from whom the Utilities is seeking, or has obtained, a 
temporary or permanent Easement, or their representatives.  

Non-Agricultural Land Any land that is not "Agricultural Land" as defined above. 

Right-of-Way The Agricultural Land included in permanent and temporary Easements 
which the Utilities acquires for the purpose of constructing, operating 
and maintaining the transmission line. 

Tenant Any Person lawfully renting or sharing land for agricultural production 
which makes up the "Right-of-Way" as defined in this AIMP. 

Tile Artificial subsurface drainage system. 

Topsoil The uppermost horizon (layer) of the soil, typically with the darkest 
color and highest content of organic matter. 

Utilities Inspector Full-time on-site inspector retained by the Utilities to verify compliance 
with requirements of this AIMP during construction of the transmission 
line. The Inspector will have demonstrated experience with 
transmission line construction on Agricultural Land. 
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Appendix B:  Mitigative Actions for Organic Agricultural Land 
 
Introduction 

The Utilities recognize that Organic Agricultural Land is a unique feature of the landscape and 
will treat this land with the same level of care as other sensitive environmental features. This 
Appendix identifies mitigation measures that apply specifically to farms that are Organic 
Certified or farms that are in active transition to become Organic Certified, and is intended to 
address the unique management and certification requirements of these operations. All 
protections provided in the Agricultural Impact Mitigation Plan will also be provided to Organic 
Agricultural Land in addition to the provisions of this Appendix. 
 
The provisions of this Appendix will apply to Organic Agricultural Land for which the 
Landowner or Tenant has provided to the Utilities a true, correct and current version of the 
Organic System Plan within 60 days after the signing of the Easement for such land or 60 days 
after the issuance of a Route Permit to the Utilities by the PUC, whichever is sooner, or, in the 
event the Easement is signed later than 60 days after the issuance of the Route Permit.  The 
provisions of this Appendix are applicable when the Organic System Plan is provided to the 
Utilities at the time of the signing of the Easement.  
 
Organic System Plan 

The Utilities recognize the importance of the individualized Organic System Plan (OSP) to the 
Organic Certification process. The Utilities will work with the Landowner or Tenant, the 
Landowner or Tenant's Certifying Agent, and/or a mutually acceptable third-party Organic 
consultant to identify site-specific construction practices that will minimize the potential for 
Decertification as a result of construction activities. Possible practices may include, but are not 
limited to: equipment cleaning, planting a deep-rooted cover crop in lieu of mechanical 
decompaction, applications of composted manure or rock phosphate, preventing the introduction 
of disease vectors from tobacco use, restoration and replacement of beneficial bird and insect 
habitat, maintenance of organic buffer zones, use of organic seeds for any cover crop, or similar 
measures. The Utilities recognizes that Organic System Plans are proprietary in nature and will 
respect the need for confidentiality. 
 
Prohibited Substances 

The Utilities will avoid the application of Prohibited Substances onto Organic Agricultural Land. 
No herbicides, pesticides, fertilizers or seed will be applied unless requested and approved by the 
Landowner. Likewise, no refueling, fuel or lubricant storage or routine equipment maintenance 
will be allowed on Organic Agricultural Land. Equipment will be checked prior to entry to make 
sure that fuel, hydraulic and lubrication systems are in good working order before working on 
Organic Agricultural Land. If Prohibited Substances are used on land adjacent to Organic 
Agricultural Land, these substances will be used in such a way as to prevent them from entering 
Organic Agricultural Land. 
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Temporary Road Impacts 

Topsoil and subsoil layers that are removed during construction on Organic Agricultural Land 
for temporary road impacts will be stored separately and replaced in the proper sequence after 
the transmission line is installed. Unless otherwise specified in the site-specific plan described 
above, the Utilities will not use this soil for other purposes, including creating access ramps at 
road crossings. No topsoil or subsoil (other than incidental amounts) may be removed from 
Organic Agricultural Land. Likewise, Organic Agricultural Land will not be used for storage of 
soil from non-Organic Agricultural Land. 
 
Erosion Control 

On Organic Agricultural Land, the Utilities will, to the extent feasible, implement erosion control 
methods consistent with the Landowner or Tenant's Organic System Plan. On land adjacent to 
Organic Agricultural Land, the Utilities’ erosion control procedures will be designed so that 
sediment from adjacent non-Organic Agricultural Land will not flow along the Right-of-Way 
and be deposited on Organic Agricultural Land. Treated lumber, non-organic hay bales, non-
approved metal fence posts, etc. will not be used in erosion control on Organic Agricultural 
Land. 
 
Weed Control 

On Organic Agricultural Land, the Utilities will, to the extent feasible, implement weed control 
methods consistent with the Landowner’s or Tenant's Organic System Plan. Prohibited 
Substances will not be used in weed control on Organic Agricultural Land. In addition, the 
Utilities will not use Prohibited Substances in weed control on land adjacent to Organic 
Agricultural Land in such a way as to allow these materials to drift onto Organic Agricultural 
Land. 
 
Monitoring 

In addition to the responsibilities of the Agricultural Monitor described in the AIMP, the 
following will apply: 

A. The Agricultural Monitor will monitor construction and restoration activities on Organic 
Agricultural Land for compliance with the provisions of this appendix and will document 
any activities that may result in Decertification. 

 
B. Instances of non-compliance will be documented according to Independent Organic 

Inspectors Association protocol consistent with the Landowner's Organic System Plan, 
and will be made available to the MDA, the Landowner, the Tenant, the Landowner's or 
Tenant's Certifying Agent, the Utilities Inspector and to the Utilities. 
 

If the Agricultural Monitor is responsible for monitoring activities on Organic Agricultural Land, 
he/she will be trained, at the Utilities’ expense, in organic inspection, by the Independent 
Organic Inspectors Association, unless the Agricultural Monitor received such training during 
the previous three years. 
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Compensation for Construction Damages 

The settlement of damages will be based on crop yield and/or crop quality determination and the 
need for additional restoration measures. Unless the Landowner or Tenant of Organic 
Agricultural Land and Company agree otherwise, at the Utilities expense, a mutually agreed 
upon professional agronomist will make crop yield determinations, and the Minnesota 
Department of Agriculture Fruit and Vegetable Inspection Unit will make crop quality 
determinations. If the crop yield and/or crop quality determinations indicate the need for soil 
testing, the testing will be conducted by a commercial laboratory that is properly certified to 
conduct the necessary tests and is mutually agreeable to the Utilities and the Landowner or 
Tenant. Field work for soil testing will be conducted by a Professional Soil Scientist or 
Professional Engineer licensed by the State of Minnesota. The Utilities will be responsible for 
the cost of sampling, testing and additional restoration activities, if needed. Landowners or 
Tenants may elect to settle damages with the Utilities in advance of construction on a mutually 
acceptable basis or to settle after construction based on a mutually agreeable determination of 
actual damages. 

Compensation for Damages Due to Decertification 

Should any portion of Organic Agricultural Land be Decertified as a result of construction 
activities, the settlement of damages will be based on the difference between revenue generated 
from the land affected before Decertification and after Decertification so long as a good faith 
effort is made by the Landowner or Tenant to regain Certification. 
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Definitions 

Unless otherwise provided to the contrary in this Appendix, capitalized terms used in this 
Appendix shall have the meanings provided below and in the AIMP. In the event of a conflict 
between this Appendix and the AIMP with respect to definitions, the definition provided in this 
Appendix will prevail but only to the extent such conflicting terms are used in this Appendix. 
The definition provided for the defined words used herein shall apply to all forms of the words. 
 
 
Apply     To intentionally or inadvertently spread or distribute any 

substance onto the exposed surface of the soil. 
 

Certifying Agent   As defined by the National Organic Program Standards, 
Federal Regulations 7 CFR Part 205.2. 
 

Decertified or 
Decertification    

 
Loss of Organic Certification. 
 

Organic Agricultural 
Land     

Farms or portions thereof described in 7 CFR Parts 205.100, 
205.202, and 205.101. 
 

Organic Buffer Zone   As defined by the National Organic Program Standards, 
Federal Regulations 7 CFR Part 205.2. 
 

Organic Certification 
or Organic Certified   

As defined by the National Organic Program Standards, 
Federal Regulations 7 CFR Part 205.100 and 7 CFR Part 
205.101. 
 

Organic System Plan    As defined by the National Organic Program Standards, 
Federal Regulations 7 CFR Part 205.2. 
 

Prohibited Substance   As defined by the National Organic Program Standards, 
Federal Regulations 7 CFR Part 205.600 through 7 CFR 
205.605 using the criteria provided in 7 USC 6517 and 
7 USC 6518. 
 

 



 

 

 

 

 

 

 

Appendix J – Minnesota Route Modifications: 

 

1.  Analysis of Route Option eFiled by Xcel Entered into Minnesota Public Utilities 
Commission Docket 09-1448 August 2, 2011 
 

2. Proposed Modification to Route 3B-003, included with Hillstrom Testimony April 
18, 2011, Minnesota Public Utilities Commission Docket 09-1448 
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Appendix K – Visual Simulations, MN and WI Great River Road 
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Photopoint 1 -  Southbound Great River Road looking southeast. ��������������������������������������������������

Photopoint 1 -  Southbound Great River Road looking southeast. ��������������������������������������������������

Existing Condition

Proposed Condition



CapX Hampton-Rochester-La Crosse 345kV and 161kV Transmission Lines Project: Final Environmental Impact Statement

Appendix N

.

Photo Simulations

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �  � � � � � � � � � � � � � � � � � � � � � � �

Photopoint 2 -  Southbound Great River Road. ��������������������������������������������������

Photopoint 2 -  Southbound Great River Road. ��������������������������������������������������
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Photopoint 3 -  Southbound Great River Road. ��������������������������������������������������

Photopoint 3 -  Southbound Great River Road. ��������������������������������������������������
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