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Health-Economics Analyses Applied to ELF Electric
and Magnetic Fields
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1. INTRODUCTION

Extremely low frequency electric and magnetic fields (ELF EMFs) are a common exposure
for modern populations. The prevailing public-health protection paradigm is that quantita-
tive exposure limits are based on the established acute effects, whereas the possible chronic
effects are considered too uncertain for quantitative limits, but might justify precautionary
measures. The choice of precautionary measures can be informed by a health-economics
analysis (HEA). We consider four such analyses of precautionary measures that have been
conducted at a national or state level in California, the Netherlands, the United Kingdom,
and Israel. We describe the context of each analysis, examine how they deal with some of
the more significant issues that arise, and present a comparison of the input parameters and
assumptions used. The four HEAs are methodologically similar. The most significant qual-
itative choices that have to be made are what dose-response relationship to assume, what
allowance if any to make for uncertainty, and, for a CBA only, what diseases to consider, and
all four analyses made similar choices. These analyses suggest that, on the assumptions made,
there are some low-cost measures, such as rephasing, that can be applied to transmission in
some circumstances and that can be justifiable in cost-benefit terms, but that higher cost mea-
sures, such as undergrounding, become unjustifiable. Of the four HEAs, those in the United
Kingdom and Israel were influential in determining the country’s EMF policy. In California
and Netherlands, the HEA may well have informed the debate, but the policy chosen did not
stem directly from the HEA.
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at levels at the upper end of those encountered

Extremely low frequency electric and magnetic
fields (ELF EMFs) are a common exposure for
modern populations, who have been exposed to
these fields since the late 19th century with the
advent of public electricity supplies. EMFs have
well-established acute effects on the human body
(principally the induction of electric fields in tissues)
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in the environment. There are also suggestions of
chronic effects (principally carcinogenesis) at much
lower levels of magnetic fields, encountered more
commonly in the environment. The prevailing public-
health protection paradigm is that quantitative expo-
sure limits are based on the established acute effects,
whereas the possible chronic effects are considered
too uncertain for quantitative limits, but might be
sufficient for precautionary measures. To our knowl-
edge as of 2006, 19 countries had adopted limits
aimed mainly at preventing acute effects, and 14 had
adopted some form of precautionary measures.")

It is important to acknowledge that there is un-
certainty whether exposure to low levels of magnetic
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fields actually causes chronic effects. Even if it does,
the relevant metric of exposure that is pertinent
to public health is unknown; therefore, there is
uncertainty as to what aspect of exposure to reduce.
Long-term (24 hour or more) time-weighted average
magnetic field exposure in the home has been exten-
sively used in epidemiological studies, but it is likely
to be just a proxy for a biologically relevant exposure
(if any). It is usually assumed that reducing one
aspect of exposure will also reduce any biologically
relevant aspect, but this is just an assumption.

In deciding what level of protection to adopt, for
EMFs or for any other agent, a common tool used is a
health-economics analysis (HEA). In this article, we
examine four instances where a formal HEA for ELF
EMFs has been conducted at a national or state level.
We first describe the circumstances where each of
the analyses was performed. We then examine how
the different analyses deal with some of the more
significant issues that arise. Leading on from this,
we present a comparison of the input parameters
and assumptions used in each analysis and hence the
conclusions reached. Finally, we consider the im-
plications of the conclusions reached for ELF EMF
policy.

2. TYPES OF HEALTH-ECONOMICS
ANALYSIS

Since 1974, the use of Regulator Impact Assess-
ment (RIA) has become widespread among OECD
member countries, and in 2008 the number of OECD
countries that require RIA of new regulatory propos-
als had grown to 26 out of 30 member states.?) In
RIA, the potential economic impacts of regulatory
proposals are assessed, therefore encompassing some
form of HEA.

All HEAs have a common goal of comparing
the merits of alternative policies or interventions in
a quantitative way. This inherently involves attempt-
ing to express the various relevant parameters on a
common scale. The parameters related to costs are
usually compared on a scale of monetary cost, and
although there are numerous detailed difficulties in
achieving this, the concept is straightforward. But
there are different degrees of attempting to express
benefits on a common scale, and this results in differ-
ent types of analysis.

In cost-utility analysis, the benefits are measured
in terms of reduced exposure, with no attempt to link
this to any resulting health benefit. In EMF terms,
therefore, a cost-utility analysis might compare the
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monetary cost per microtesla reduction of field. In
cost-effectiveness analysis, the costs of achieving a
certain health benefit are compared, for example, the
cost per potential life saved. In cost-benefit analysis,
the health benefit is expressed in the same units, usu-
ally monetary, as the costs. Cost-effectiveness analy-
sis allows alternative approaches to achieving a given
health benefit to be compared; cost-benefit analy-
sis additionally allows a quantitative judgment to be
made about the advisability of each measure in its
own right. Community impact analysis,®) multiat-
tribute analysis, ¥ and multicriteria decision analy-
sis go beyond a single health-economics calculation,
looking in broader terms as the entire distribution of
incomes and outcomes of the intervention.

Of the formal HEAs, one, from the Netherlands,
is a cost-utility analysis, the others are cost-benefit
analyses.

3. IDENTIFIED COST-BENEFIT ANALYSES

We identified HEAs principally by a ques-
tionnaire distributed in 2006 to 47 countries, in-
volved in the International EMF Project of WHO
plus two additional countries (Romania and Luxem-
bourg) that asked to be included. We assume that
those countries concerned enough about EMFs to
have invested the effort required to perform a HEA
are those also interested enough in EMFs to have
participated in the WHO project. Forty-three re-
sponses were received. Sixteen indicated they used
some form of HEA in order to decide on an appropri-
ate ELF policy. Of these, only three countries used
a formal HEA (Australia, Germany, and the United
Kingdom), with specified numerical values for the
various parameters, 13 an informal HEA (Brazil,
Bulgaria, China, Greece, Israel, the Netherlands,
New Zealand, Norway, Russia, Singapore, Sweden,
Turkey, and the United States), 18 stated that this
framework was not used, and the remainder did not
respond. We decided not to include the analysis from
Australia,® which evaluated different approaches
to implementing exposure guidelines for protecting
against acute effects, rather than precautionary mea-
sures directed at possible chronic effects. In addition,
the German HEA was not publicly available.

We also conducted a literature search that iden-
tified only a few old cost-benefit analysis that were
based on the old scientific evidence and lacked
sufficient detail; thus they were not considered
further.(>”) We identified one additional analysis
from California.
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Thus in the remainder of this article we focus on
four HEAs that evaluated options for reducing EMF
exposures (California, the Netherlands, the United
Kingdom, and Israel). We convert all financial values
to US$, using exchange rates of 1$ = 0.5£ = 0.8E (the
average values, to one decimal place, for 2007 and
2004, the years of publication of the HEAs from the
United Kingdom and the Netherlands, respectively).

3.1. California
3.1.1. Policy Context

The Public Utilities Commission for the State of
California created a no- or low-cost policy for the
construction of new power lines in 1993, which re-
quires up to 4% of the cost of a project to be spent,
provided field reduction of more than 15% can be
achieved. Additionally, the Department of Educa-
tion has a policy requiring schools to be set back spec-
ified distances from the edge of the right of way.®)

3.1.2. Summary of Analysis

In 1993 the California Public Utilities Com-
mission (CPUC) directed utilities to provide funds
for research, policy analysis, and public education
concerning EMFs. In addition to several research
projects and risk assessment, a computer imple-
mentation of a cost-benefit analysis was developed,
which we refer to here as the “framework.”® The
results were principally presented as a decision
framework to allow users to see the effect on the
outcomes of their own preferences for the various
input parameters.!”) This analysis was never for-
mally adopted, but informed a decision to retain
the existing policy. As part of this effort, a “model”
set of values to insert into cost-benefit analysis
was presented by the California EMF Program,!
which we use here and refer to as the “model,” but
we emphasize that the California analysis is not
prescriptive of this single set of values and analysis.

3.2. The Netherlands
3.2.1. Policy Context

In the Netherlands there are no legally bind-
ing standards for ELF EMFs. The ICNIRP 1998
guidelines were recommended by the Dutch Health
Council and used in practice, until in 2005, the State
Secretary of Public Housing, Spatial Planning and
the Environment recommended to local authorities
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increasing the distance to new power facilities from
residential neighborhoods so that exposure to chil-
dren will not exceed 0.4 uT. No change to existing
facilities was recommended. (1

3.2.2. Summary of Analysis

In the lead up to the recommendation, the Dutch
government commissioned research into the costs
and benefits of different measures to reduce the pop-
ulation’s exposure to magnetic fields from existing
power lines.(1®)

3.3. Israel
3.3.1. Policy Context

In Israel as of 2014 there are no legally binding
guidelines to ELF EMFs. The ICNIRP 1998 guide-
lines (100 £ T) were implemented de facto until 2002.
A precautionary policy of the Ministry of the Envi-
ronment (MoE) was effective from 2002 until 2005,
which recommended that newly constructed facilities
should not exceed exposure levels of 1 uT (time-
weighted average). The MoE updated its policy fol-
lowing the publication of the Final Report of Israeli
ELF Expert Committee in March 2005.'*) The con-
clusion of the report was that the Israeli guidelines
should be those recommended by ICNIRP 1998
(100 uT) but that precautionary measures, such as
reduction of exposure levels to as low as possible,
should be considered when residential exposure
levels to magnetic fields were in the range from 0.4 to
100 uT. The report emphasized that precautionary
measures should be implemented only at low or
minimal cost, that an annual national budget be set
aside for EMF field reduction, and that a national
committee (established in 2007) would decide how
this budget would be distributed in order to be cost
effective. This Committee issued an intermediate
report in 2011 (not publicly available) reaffirming
that for new installations, power cancellation de-
sign should be used, and implemented for existing
installations whenever possible and practicable.
The Committee also recommended that for exist-
ing situations the annual-average magnetic field
exposure should be gradually reduced to “a few
milligauss” (namely, up to 0.1 uT) by using public
funds, prioritized according to a multiattribute goal
function developed by the Committee.

3.3.2. Summary of Analysis

A CBA was performed by the MoE in the early
stages of the potential mitigation option assessments
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mainly based on data from certain countries around
the world, on environmental impact assessments
submitted to the MoE, and on some assessments
performed by the MoE. These drew mainly on
the California analysis. Costs used in this analysis
differed vastly from estimates provided by the
government-run utility company. This difference
was never resolved.

3.4. The United Kingdom
3.4.1. Policy Context

Until 2004 the United Kingdom followed
guidelines created by its own National Radiologi-
cal Protection Board (NRPB). In 2004 it adopted
ICNIRP 1998 in the terms of the E.U. Recom-
mendation but also decided to look at possible
additional precautionary measures. This was done
through a stakeholder group “SAGE” managed by
the Department of Health. Its aim was to provide
practical advice to government in making decisions
about policy related to EMFs and health. It brought
together around 40 key stakeholders from national
government departments, regulators and advisory
bodies, academics, individuals, local and national
campaign groups, professional bodies, and indus-
try. SAGE published its first assessment, covering
high-voltage power lines and also house wiring and
domestic equipment, in April 2007, and govern-
ment responded in October 2009, adopting optimal
phasing for high-voltage power lines but rejecting
more expensive measures.!?)

3.4.2. Summary of Analysis

SAGE’s recommendations were informed by a
detailed cost-benefit analysis, conducted as far as
possible following general procedures for such analy-
ses laid down by the U.K. Treasury. The government
response in 2009, which largely adopted SAGE’s rec-
ommendations into U.K. policy, implicitly endorsed
this analysis and its conclusions.

4. SPECIFIC ISSUES IN THESE ANALYSES

4.1. Uncertainty

ELF magnetic fields are classified by IARC and
WHO as “possibly carcinogenic,” and authoritative
review bodies agree that a causal link, even with
childhood leukemia, the disease for which the evi-

Kandel, Swanson, and Kheifets

dence is strongest, is far from certain. However, three
of the four HEAs chose not to include any numerical
factor to account for this uncertainty and performed
an analysis based on the assumption that the link is
causal. CADHS presented individual degrees of cer-
tainty for its three authors, ranging from 10 to 100 for
childhood leukemia (mid points of 55-95).(17)

Similarly, no analyses explicitly included other
uncertainties, such as whether the exposure reduc-
tion would in practice be as effective as theoretically
calculated (if, for example, the carcinogenic effect
were caused by a specific aspect of exposure, which
a given intervention may reduce more or less than
average exposure). California, however, does allow
for such uncertainties in its framework.®) The frame-
work presents some examples with an uncertainty of
causation of 10%; the model implies use of the prob-
abilities for “degree of confidence” of causation pub-
lished by its own scientists.!”)

4.2. Treatment of Scientific Evidence

In the TARC classification scheme, ELF mag-
netic fields are classified as “possibly carcinogenic,”
and the monograph makes clear that this is only on
the basis of the evidence for childhood leukemia.!®)
WHO also concluded that the evidence for all other
health effects (other cancers and noncancer) is
“much weaker.”™ There has consequently been
a tendency to base policy decisions about precau-
tionary measures on consideration of childhood
leukemia. The United Kingdom is explicit in per-
forming quantitative analysis based on childhood
leukemia, then giving indications of the equivalent
result if other health effects were considered. (The
U.K. government subsequently stated clearly that its
policy decisions were based on childhood leukemia
only.) The California analysis is generalized, but
in places the discussion considers the application
to childhood leukemia first and other diseases
secondarily.(!”) The Israeli analysis was mainly based
on childhood leukemia; background information
on other diseases, although not dismissed, was not
quantified.

Because there is no established effect or mech-
anism, there is uncertainty as to the appropriate
exposure-response relationship to consider. The
epidemiological evidence on childhood leukemia is
often described as showing a threshold, though other,
progressive, relationships are also consistent with the
data.?” Three of the four HEAs chose to model the
putative effect as a threshold, where moving a person
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from above the threshold to below removes him or
her from the increased risk. Israel used a threshold
of 0.2 T (and, in discussions, California also focuses
on this threshold), the United Kingdom 0.4 4T, and
the Netherlands a range of alternatives from 0.2 to
0.5 uT. The California framework allows for a
linear risk between chosen thresholds, with no
excess risk below and a flat risk above.) In all
cases, the relative risk was taken as 2 (in Cal-
ifornia, RR = 2 at 0.2 uT with a linear dose
response, rising further to a cap at RR = 5), a
value readily derived from pooled analyses,?!?%)
but making no allowance for factors that could
have led the epidemiological studies either to have
found elevated (e.g., bias) or reduced (e.g., expo-
sure misclassification) risks compared to the true
risk.

4.3. Benefit from Preventing Disease

For cost-benefit analysis, it is necessary to choose
a numerical value for the value to society of prevent-
ing a case of disease or a fatality. There is an exten-
sive literature on the choice of this value in non-EMF
contexts. It is generally recognized that there are two
main approaches, “human capital” and “willingness
to pay,” and that values by either method vary greatly
from country to country.

The United Kingdom used a standard value from
non-EMF risk management for the United Kingdom
of $2M per adult fatality, then, still compatible with
U.K. practice, increased it by two factors of two,
one because the disease is a dreaded one and one
because it affects children rather than adults. The
United Kingdom also used a separate value for non-
fatal cases, derived from an estimate of the qual-
ity adjusted life years (QALYs) lost from a case of
leukemia, using a value of $60k per QALY, a value
used in assessing medical interventions and drugs in
the United Kingdom. These were combined to give
a weighted value of $3.2M per case. The California
framework suggests $100k per year of life expectancy
lost and $300k per nonfatal cancer; the California
model used $5M per fatality. This number was based
on a review of numbers used by various California
programs, which varied from $1M to $10M per death
avoided. Stakeholders engaged in the process pre-
sented arguments about these and other factual mat-
ters; some were against assigning any number, which
they considered to be too utilitarian. Israel implic-
itly discussed values from $1-5M based on a review
of numbers used by various Israeli programs. The
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Netherlands did not need to select a value because
it conducted a cost-utility analysis,

4.4. Time Period Considered and Discounting

For capital projects, costs are usually expended
at the start of the project. But most benefits accrue
over the lifetime of the project. Further, there may
be ongoing financial costs, for instance, in the case
of power lines, changes to the electrical losses, or
maintenance costs from one engineering solution
to another. Both costs and benefits falling in future
years are typically valued by society as less than
those falling in the present, and this is captured in
a discount rate. The United Kingdom discounted
future benefits (with a discount rate of 3.5%, but
also assuming that the value of preventing a fatality
would increase by 2% per year, giving a net discount
rate of 1.5%). The California framework allows for
discounting as well (and uses a discount rate of 3%
in some example calculations); however, the model
presents undiscounted numbers. California alone
included ongoing costs. The California framework
also included options for financing costs, though the
model does not include these.

With a positive discount rate r, it is possible,
in principle, to sum benefits from all future years,
without limit, to a finite sum. However, it is more
common to compare costs and benefits over a fixed
period approximating to the life of the project. The
United Kingdom used 50 years, California and Israel
35 years, and the Netherlands did not need a value.
The overall discount factor over a period of T years

is given by:
r PN
> (-1)

Thus the United Kingdom’s 50 years with a dis-
count rate of 1.5% per year gives a discount factor
of 0.7, equivalent to 35 years with no discount rate;
applying a discount rate of 1.5% indefinitely is equiv-
alent to 67 years with no discount rate.

4.5. External Costs

As well as the immediate costs of an intervention
(e.g., capital costs), there may be further costs to
the electricity system (e.g., changes to electrical
losses) or external to the electricity system being
considered. The most obvious of these external
costs is any effect on property values. Both the
United Kingdom and California discuss these. The
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United Kingdom considers first-round external
costs (e.g., the devaluation of property immediately
affected) relevant for some interventions, such
as planning “corridors” around power lines, but
not second-round external costs (e.g., knock-on
increases in property values elsewhere, or beneficial
effects to society of cheaper property), justified as
being in line with U.K. Treasury advice.?*** The
California framework discusses options of including
various first-round external costs but similarly does
not include second-round costs, and these costs
are not included in the model. Both the United
Kingdom and California show that for some options,
effects on property values dominate the costs, and
therefore their treatment is critical. California also
considered several other external costs or conse-
quences (e.g., electrocution, automobile accidents,
pollution) but the framework suggested these would
have small impacts and the model did not include
them.

5. COMPARISON OF ANALYSES

Many possible EMF reduction policies exist,
applying to many different sources of exposure.
California considered interventions applicable to
distribution wiring and ground currents as well
as transmission; the United Kingdom considered
house wiring as well as transmission (a subsequent
assessment from SAGE considered distribution but
did not use formal HEA); Israel and the Netherlands
just considered transmission. For our analysis we
consider just transmission as this is common to all
four HEAs (though the definitions vary slightly).
Reducing fields at the design stage is most cost ef-
fective and usually cheaper than retrofitting existing
lines. The options considered by one or more HEAs
include rephasing or split-phasing, compact lines,
rerouting, separating lines and homes, and burying.

To formulate a framework that allows us to com-
pare the four HEAs, we define the following param-
eters:

H: the number of houses with fields exceeding a
threshold, in which the exposure is reduced to below
the threshold, due to the intervention, per unit of in-
tervention (e.g., per one km of line buried).

Ch: the average number of children per house-
hold.

P: the probability that exposure is causal and that
the intervention reduces the exposure, and hence the
disease, in practice.
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I: the “base rate” or incidence of childhood
leukemia in the population per year.

RR: the relative risk for exposure above the
threshold considered compared to below it

T: the number of years for which the intervention
is effective in reducing the exposure.

V: is the value associated with preventing a case
of disease. (Where available, we separately define
VE: the value of a fatality, Vn: the value of a non-
fatal case, and V: the weighted value of preventing
any case).

D: the discount factor derived from the annual
discount rate.

C: the initial cost per unit of intervention for the
period of T years.

Then the expected number of children with re-
duced exposure per unit of intervention is:

H.Ch.P,

the number of cases avoided per child with reduced
exposure over the entire period is:

I.(RR-1).T,
and the total benefit per unit of intervention is:
B=H.Ch.PI(RR—-1).T.Vy.D.

The result of a CBA can be expressed in vari-
ous ways. Conceptually the simplest is that if B>C,
the CBA concludes that the intervention is justified,
while if B<C then it is not. However, this requires the
assessment to be performed for each separate specific
value of H. A more useful approach, which we use for
our comparison, is to express the same result in terms
of a new “break-even” parameter H¥, the number of
houses that need to be affected by a unit of interven-
tion such that the costs of intervention are equal to its
benefits. If the estimate for a specific locality suggests
a higher number of affected houses than H*, the in-
tervention is justified in cost-benefit terms, otherwise
itis not.

H* = C / Ch.P.L(RR — 1).T.V,.D

We summarize the values for key parameters
used in the four HEAs considered in Table I.
(For California, we have constructed the HEA us-
ing the values from the model, applied to child-
hood leukemia only, and taking a threshold dose re-
sponse.)
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Table I. Values of Parameters from Different Countries

a

Parameter UK Israel’ California® Netherlands'

Year of Publication Analysis 2007 2005 2002-2004 2004

Parameters Relevant to Calculation of Benefit

Threshold (uT) 0.4 0.2-1 0.2 0.2-0.5

B (incidence of childhood leukemia per year) 4.17x1073 5.0 x 107 5.0 x 107 3.6 x 1075 ¢

T (number of years for which the intervention is 50 35 35 -
effective)

Discount rate 1.5% 0 0 -

D (overall discount factor) 0.7 1 1

RR (relative risk) 2 2

P (probability that intervention reduces disease) 1 1 0.7 1

Ch (average number of children per household) 045" 0.62° 1"

Parameters Relevant to Assigning a Value to the Benefit

Value of one life-year lost $60k - $100k -

Vg (value of a fatality) $8M - $5M (adults) -
(children)

VN (value of a nonfatal case) $1M - $300k -

Vw (weighted value of preventing any case) $3.2M $1-5M $5M -

Parameters Relevant to Calculating Costs

Voltage lines considered >132kV >22kV =69 kV =50 kV

Rephasing $40k-800k per line  $22-50 k per km $50k per km $440k-1.6M per line
(assume line is 20 km)

Compacting not possible $22-50k per km $50k per km

Splitting - - $50k per km $90-400k per km

Relocation $500k per km - - $400k—1500k per km

Undergrounding $12-34M per km $900k per km $900k per km $1.4-10M per km

(range $310k—$3.75M)
Raise clearance $200k per span - -

Calculations of H* (Break-Even Number of Homes) Based on Parameters Above

Rephasing 1-19 4-46 6

Compacting 4-46 6

Splitting 6

Relocation 238

Undergrounding 5700-16200 165 103
(range 35-429)

Raise clearance 95

Notes: Italic values not present in original analysis but added by us to allow comparisons between analyses. If the analysis concerns fatalities
only, Vy is replaced by V. U.K. costs for rephasing are presented as “per line.” To allow comparison with other “per km” figures we have
assumed arbitrarily that the average line is 20 km. Separating homes and lines was considered in the United Kingdom as an option applied
to the whole country and does not easily break down into unit costs, so is not included here, despite being the focus of greatest attention in
the U.K. policy debate.

a(15)

b(25)

c(9.11)

d(13)

¢Calculated based on data from 4 :110 new cases per year in population of 3 million children.

Ref. 26 calculated based on data from supporting paper S15 : 10 million children in 22 million homes.

&Ref. 27, http://www.cbs.gov.il/reader/newhodaot/hodaa_template.html/hodaa=201411025. Scaled from average number of children per
family to average number per household using U.K. ratio.

hRef. 8.
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5.1. Comparison with A ctual Numbers of
Homes Present

With the results of the CBA expressed in this
way, as the break-even number of homes that must
be present, we need to compare this number to the
actual number of homes present. We present avail-
able information on this in the relevant countries in
the Appendix. In summary, averaged over the whole
country or state, typical numbers of homes per km
may be less than 10 (United Kingdom, California,
and Netherlands figures); averaged over lines where
homes are present at all, they may be 10-60 per
km (Netherlands and California); and the maximum
may be 300 per km (United Kingdom). Some inter-
ventions, such as undergrounding, can remove most
such homes from exposure, some only a fraction,
and some, such as raising clearances, only a small
fraction.

6. DISCUSSION

6.1. Methodology of HEAs Applied to EMF's

The four HEAs we have considered are
methodologically quite similar. The most significant
qualitative choices that have to be made when
performing HEA on EMFs are what dose-response
relationship to assume, what allowance if any to
make for uncertainty, and, for a CBA only, what dis-
eases to consider. Three HEAs assumed a threshold
dose response, made no allowance for uncertainty,
and gave prominence to childhood leukemia. The
California framework allowed for both threshold
dose response and a linear model (although with risk
arbitrarily capped); it also allows for other health ef-
fects (and the model implicitly includes diseases such
as adult brain tumors and ALS in addition to child-
hood leukemia). As well as these qualitative choices,
several quantitative choices of parameter values are
needed, but most values chosen were similar. Specif-
ically, the value to society of preventing a fatality,
which is known to vary greatly globally, varied by
only 50% between the three countries (though with
a larger range in Israel). There was a greater range
used in the costs for various interventions. The great-
est differences were in the costs of undergrounding.
This is well-known as an area of dispute, with some
of the difference accounted for by different voltages,
different ratings, and inclusion of different compo-
nents of total project cost. We consider that a gen-
uinely like-for-like comparison between comparably
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industrialized countries would produce similar
costs. Choices of whether to include discounting
(United Kingdom) and ongoing costs (investigated
in the California framework) did not make a great
difference, as expected given that the discount rates
are relatively low compared to the number of years
considered, T, and that most of the costs occur at the
initial point of creating the intervention. The issue
of whether and how to include external costs, which
is capable of making a big difference, was in fact
treated similarly by all these HEAs.

Most of these interventions produce a fixed
reduction in magnetic fields. As the magnetic-
field threshold chosen in the HEA is reduced, the
absolute number of homes exposed at that level
increases, as does the absolute number of homes
removed from that exposure by the intervention.
The fraction of homes removed from the exposure,
however, depends on the details of how the fields fall
with distance before and after the intervention. For
example, using the Netherlands data, as the thresh-
old considered is reduced from 0.5 to 0.2 uT, the
number of homes exposed prior to any intervention
increases by a factor of 2.1, but the fraction removed
from that exposure by a given intervention changes
only from 0.32 to 0.37.

6.2. Results of HEASs

The interventions considered and the conclu-
sions drawn about them can helpfully be analyzed
by reference to two exemplar groups: relatively low-
cost measures, such as rephasing and, in California,
compacting; and relatively high-cost measures, such
as undergrounding.

The low-cost interventions are, under the as-
sumptions of these HEAs, justified if H, the number
of homes per km removed from elevated exposure
by the intervention, is of order 1-50. This number
of homes appears to be found in the countries
concerned, certainly in areas where power lines pass
through housing at all. Whether the HEA indicates
that these interventions are justified depends on how
many of the homes are removed from exposure,
but it certainly seems likely there will be circum-
stances where it does. By contrast, the high-cost
interventions are similarly justified if H is of order
100 (California) up to thousands (United Kingdom).
This appears unlikely to occur in the countries
concerned. If lower thresholds are considered, whilst
retaining the same relative risk and value of prevent-
ing a fatality, then of course interventions become



Health-Economics Analyses Applied to ELF

progressively more justified; but, when a given set
of epidemiological findings are interpreted as a
threshold dose response, a choice of lower threshold
should be accompanied by a commensurately lower
relative risk, countering this effect.

We stress that our analysis should not be taken
as forming any policy recommendations; before
considering an intervention in a given country, it
would be necessary to revisit the figures and assump-
tions in the HEA.

6.3. Use of HEA in Policy Formation

The WHO EHC recommends “low cost” precau-
tionary measures, without giving quantitative guid-
ance as to what “low cost” means. Whilst only three
countries have used a formal CBA to address this
question, our analysis here shows that such HEAs
are perfectly possible to perform. Although many as-
sumptions and choices have to be made, the HEAs so
far performed have, effectively independently, made
sufficiently similar choices so that the conclusions are
reasonably concordant.

7. CONCLUSIONS

These analyses suggest that, on the assumptions
made, there are some low-cost measures, such as
rephasing, that can be applied to transmission in
some circumstances and that can be justifiable in
cost-benefit terms, but that higher cost measures,
such as undergrounding, become unjustifiable. How-
ever, the key choice made by three of the analyses
is not to include any uncertainty factor (and the
one that does, California, suggests greater certainty
than would probably be the current consensus).
Put another way, these analyses ask what measures
would be justifiable if magnetic fields were known to
cause childhood leukemia (but childhood leukemia
alone), and, although a lesser factor, if the interven-
tions are known to be reducing the most relevant
aspect of exposure (recognizing that California does
include options to allow for alternative exposure
metrics). Allowing for significant uncertainty in
whether the relationship with childhood leukemia is
causal could render even low-cost interventions for
transmission unjustifiable; including other diseases
as well as childhood leukemia could render higher
cost interventions justifiable.

Of the four HEAs, those in the United Kingdom
and Israel were influential in determining the coun-
try’s EMF policy. In California and the Netherlands,
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the HEA may well have informed the debate, but the
policy chosen did not stem directly from the HEA.
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APPENDIX A: AVAILABLE INFORMATION
ON NUMBERS OF HOMES PRESENT ALONG
POWER LINES

Netherlands has 10 homes per km exposed to
0.2 uT (equivalent to a distance of 90 m from the cen-
terline of the power line) and 6 per km exposed to
0.4 uT (65 m) averaged over all power lines of
the voltages included. The Netherlands also pro-
vides data on the reduction in the number of homes
exposed at each of the thresholds considered if
each technical option were applied. The result for a
threshold of 0.4 uT for vector sequence rearrange-
ment is 20-74 homes; and for phase splitting 1.2—
5.3, relocation 2.6-10, and undergrounding 1.6-12, all
homes per km, and all applied only to lines that have
homes present at all, not to all lines. There must be
places where the housing density is higher than aver-
age but no data are provided on the extremes.

The United Kingdom also provides data on
homes near lines, analyzed by spans. The data are for
the number of homes within 50 m; this can be taken
as roughly equivalent to an exposure of 0.4 uT. The
average span length is 330 m so we convert homes-
per-span to homes-per-km using this figure. The Eng-
land and Wales average over all transmission lines is
7.3 homes per km. There are 12 spans (0.06% ) with >
= 100 homes within 50 m (the highest category pre-
sented). We therefore take this figure, equivalent to
300 homes per km, as the highest likely to be found
in the United Kingdom (the single span with the most
homes equates to 600 homes per km). The U.K. anal-
ysis assumed that all these homes are removed from
the exposure by undergrounding or rerouting, but
only a fraction, not explicitly calculated but deduced
from data provided as about 75%, by rephasing.

California estimates 63 homes per km “exposed
to high fields” (above 0.2 £ T) from transmission lines
for the 5-8% of the length that runs through residen-
tial areas (7.4 homes per km for the total length of
these lines).
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For Israel, information on this key parameter is

uncertain with estimates as to the percentage of the
population exposed above 0.2 4T ranging from 7.6 %
to 66% (depending on the stakeholder evaluating
this parameter).
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