MEASURING THE WELFARE GAIN FROM PERSONAL COMPUTERS

JEREMY GREENWOOD and KAREN A. KOPECKY*

The welfare gain to consumers from the introduction of personal computers (PCs)
is estimated. A simple model of consumer demand is formulated that uses a slightly
modified version of standard preferences. The modification permits marginal utility, and
hence total utility, to be finite when the consumption of computers is zero. This implies
that the good will not be consumed at a high enough price. It also bounds the consumer
surplus derived from the product. The model is calibrated/estimated using standard
national income and product account data. The welfare gain from the introduction of
PCs is 2%—-3% of consumption expenditure. (JEL EO1, E21, 033, O47)

I. INTRODUCTION

What is the welfare gain to consumers from
the development of and improvements in per-
sonal computers (PCs)? This is the question
addressed here. The answer offered is that wel-
fare increased by somewhere between 2% and
3%, measured in terms of total personal con-
sumption expenditure, due to the introduction
of the PC and its subsequent price decline.
This finding is obtained by employing a model
of consumer behavior, based upon more-or-
less standard preferences, which is fit to aggre-
gate national income and product account data
using a direct and simple calibration/estimation
strategy.

To estimate the welfare gain from the intro-
duction of a new product one must know what
utility is in the absence of the good. A con-
ventional isoelastic utility function has two
problems. First, at zero consumption the util-
ity function returns a value of minus infinity,
whenever the elasticity of substitution is less
than one. In this case the welfare gain from
the introduction of the new good is infinitely
large. Second, marginal utility at zero consump-
tion is infinite, so long as the elasticity of
substitution is finite. Therefore, consumers will
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always purchase some of the good in question,
no matter how high the price is, albeit perhaps
in infinitesimal quantities. To avoid these prob-
lems a form for preferences will be adopted that
gives a finite level for marginal utility, and hence
one for total utility, at zero consumption. With
this utility function, high prices may result in the
consumer optimally choosing to buy none of the
new good. In addition, the consumer’s surplus
associated with the introduction of a new good
is generally finite.

This paper contributes to the growing lit-
erature on measuring the welfare gains from
new goods. A classic example is the work by
Hausman (1999), who studies the introduction
of cellular telephones. He finds that their tardy
inclusion in the Consumer Price Index (CPI),
some 15 years after their debut, results in a bias
of up to 2% per year in the telecommunications-
services price index. To obtain this estimate,
Hausman (1999) effectively integrates back the
estimated demand curve for cellular telephones
to recover the indirect utility function for con-
sumers. This function can be inverted to obtain
the expenditure function, from which welfare
measures can be calculated. The procedure was
developed earlier in work by Hausman (1981).
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Analytical solutions for the expenditure func-
tion can be obtained when the demand equation
is (In) linear. When the demand equation is not
linear the indirect utility function may have to
be recovered by numerically solving a differen-
tial equation. This procedure is dual to the one
presented here, which focuses on the consumer
maximization problem. Some utility functions,
such as the one employed in the current work,
may not lead to a linear demand equation of the
form that is conventionally estimated.

Hausman (1999) also suggests an approx-
imate measure of welfare based on a linear
demand curve. While he states explicitly that
this measure of welfare is a lower bound, this
caveat is often forgotten in applied work. It may
work well in the cell phone example that he
studies. As illustrated in the PC example studied
here, however, this approximate demand curve
method can lead to a serious underestimate of
the welfare gains arising from the introduction
of a new product.

Similarly, the use of conventional price
indices, such as the Fisher Ideal and Tornqvist
price indices, may lead to inaccurate estimates
of the consumer surplus that arises from the
introduction of a new good and/or the good’s
subsequent price decline. The accuracy of such
methods will depend on how fast the marginal
utility for a new good rises as the quantity con-
sumed goes to zero. Figuring this out is part
and parcel of the new goods problem. That is,
what utility function or demand equation should
be used for estimating the welfare associated
with the introduction of a new good? In fact,
it is shown here that in some cases an equiva-
lent variation fails to exist. In these cases, the
assumptions required for the theory underlying
the Fisher Ideal and Tornqvist price indices are
not satisfied. While this is not true for the case
of computers, it is found to be true in the case
of another important new good, electricity. To
illustrate this, the technique for measuring the
welfare gain from new goods is also applied to
electricity. The welfare gain from the invention
and price decline in electricity, as measured by
the compensating variation, is found to be 92%
of personal consumption expenditure.

Another example in the literature is the
Goolsbee and Klenow (2006) study of the ben-
efit to consumers of the internet. They esti-
mate the demand for the internet by relating
the time spent using the product to the oppor-
tunity cost of time, an approach which, they
argue, makes sense since internet access is a

good whose marginal cost consists almost solely
of the leisure time spent by the consumer. They
find very large welfare gains when taking a
literal interpretation of the model’s structure.
This is due to the fact that in their specifica-
tion the marginal utility of internet consump-
tion approaches infinity as consumption goes
to zero. To mitigate the impact of the zero-
consumption region of the utility function, they
emphasize an alternative measure based upon a
linearized leisure demand curve. Additionally,
their setup requires the elasticity of substitution
to be greater than one. This is satisfied in the
data for internet consumption. But, it is not true
for all products. A case in point is cellular tele-
phones, which Hausman estimates to have an
elasticity less than one.

Finally, Petrin (2002) considers, as an ex-
ample, the introduction of the minivan to
demonstrate a technique for estimating welfare
gains in the absence of consumer-level data.
He shows how information describing the pur-
chasing habits of different demographic groups,
in conjunction with market-level data, can be
used as a suitable substitute for consumer-level
data. In his discrete-choice analysis minivan
consumption is a lumpy good, so the specifi-
cation of the utility function is not central.!

Il. COMPUTERS

Computers first became available in the
United States in the 1950s but at prices so high
and sizes so large that, for the most part, no indi-
vidual would want to buy one. It was not until
the early 1970s, with the invention of the micro-
processor, that the first generation of microcom-
puters—computers that were small enough to fit
on a desk and inexpensive enough to be owned
by individuals—was born. Lasting from 1971 to
1976, this period was characterized by a grow-
ing interest in computers among engineers and
hobbyists. The year 1977 marks the birth of
the PC. The key difference between PCs and
their microcomputer predecessors is the limited
amount of expertise that the use of the former
requires. In other words, PCs are computers that

1. Greenwood and Uysal (2005) model a world with
lumpiness in consumption and many consumer goods. An
increase in income or a fall in price leads to a shift in
consumption along the extensive margin, as the set of goods
consumed changes. The implications of indivisibilities in
consumption have not been fully explored in the literature
yet.
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are both small in size and user friendly to indi-
viduals with no technical training.

The first PC to be successfully mass produced
was the Apple II. Released in June of 1977
it consisted of a microprocessor running at 1
MHz, 4 kb of random-access memory (RAM),
no hard disk, and an audio cassette interface for
program loading and data storage. The computer
retailed at approximately $1,200. Systems with
larger amounts of RAM were also available
up to a maximum of 48 kb and at a price
of approximately $2,600. Rapid technological
progress led to consistent improvement in the
Apple II following its release. For example, in
1978 the floppy disk drive peripheral became
available. Far superior to cassettes, the addition
of floppy disks greatly improved the quality of
Apple II computing.

Since the introduction of the Apple II, rapid
technological progress in computer development
has fueled continual quality improvements and
declining costs of production. Compared to the
Apple 11, today’s computers are often equipped
with multi-core processors running at over 3,000
MHz, gigabytes of RAM, and hard drives capa-
ble of storing hundreds of gigabytes of data.

Quality improvements in computers and com-
puter production have resulted in an enormous
fall in quality-adjusted PC prices. In fact, prices
have dropped at an astounding rate of 25% per
year. Thus, a PC today is more than 700 times
cheaper than one in 1977. Starting from virtu-
ally zero demand for computers in and preceding
1977, the fall in prices throughout the last 30
years has been synonymous with a rapid rise
in demand. Figure 1 shows price and quantity
indices for computers and computer peripherals
for the period 1977-2004—see the Appendix
for information on the data. As the demand for
PCs rose, so did their share of total expendi-
ture. Figure 2 shows computer’s share of total
expenditure since 1977. It rose from O in 1977
to more than 0.6% in 2004.

ll. MODEL

Consider an individual with income, y, that
can be used to purchase general consumption
goods, ¢, and computers, n. Computers are
measured in some sort of standardized, quality-
adjusted units and sell at a price of p in
terms of consumption. Let the person’s tastes
be described by

(1) BU@)+ (1 —0)V@®n), witho<8<I.

FIGURE 1
Price and Quantity Indices for Computers,
Peripherals, and Software for the Years
1977-2004
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FIGURE 2
Computers, Peripherals, and Software’s Share
of Total Personal Consumption Expenditure for
the Years 1977-2004
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Take the utility function for the consumption
of general goods to be of the standard constant-
relative-risk-aversion variety, so that U(c) can
be written as

2 U) =c"*/(1—p),

Notice that U (¢) satisfies the standard proper-
ties Uj(c) > 0, Uy1(c) <0, lime—, oo Uy(c) =0,
and lim,_Uj(c) = oo. Represent the utility
function for PCs by

3)
Vn)=n+v)'"/(1—p), with0 < v < oo.

with p > 0.
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FIGURE 3
Tastes for Computers When p > 1—Model
and Conventional Formulation (dashed line)

v n? Marginal Utility

The function V (n) is completely standard except
that

V() =v'""/(1—p) > —oc and V;(0) = v".

Observe that since p > 0, the magnitude
of the elasticity of demand for computers is
unrestricted. The implications of these assump-
tions on the utility function for PCs are por-
trayed in Figure 3, for the case where p >
1. The conventional formulation is illustrated
by the dashed line. Note that one could set
V(0) = 0 by redefining the utility function to
be [(n+v)!7 —v!=P]/(1 — p); such a nor-
malization has no implication for the anal-
ysis. Also, observe that the utility function
for computers is nonhomothetic due to the
presence of v.

The individual’s static maximization problem
will read

“)
w = W(y, p) =max[6U(c) + (1 = HV ()],

subject to his budget constraint
&) c+pn=y,
and the non-negativity conditions

c,n>0.

Note that W(y, p) represents the person’s
indirect utility function, which gives his max-
imal level of welfare at the income level y
when he faces the price for computers p.
The non-negativity constraint on ¢ will never
bind and can be safely disregarded, because
lim.—.0 Uj(c) = oco. Since the marginal utility
of zero computers is finite, the solution to the
individual’s maximization problem could be at
a corner where n = 0.

The solution to the above problem can be
obtained by using the budget constraint (5) to
substitute out for ¢ in the objective function (4)
and then maximizing with respect to n. This
leads to the Kuhn—Tucker conditions

(6)
6 —pn)p—(1=0)(n+v)"=0,

n=>0,
[0 = pm) PP = (A=) (n+v)"*]n =0.

Equation (6), in conjunction with the budget
constraint (5), determines the demand functions
for ¢ and n:

(7
c= C(y’ P)
v
_Jif p=P(y)=(1—-0)/6v"yf;
) O+ pv)/ L+ [ = 0)/0710 ple= e,
if p < P(y),
and
(8)
n=N(y,p)
07 ~
_ Jifp=POH);
TG+ P+ IA—0)/617pl/e) —v
if p < P(y).

Observe from Equation (8) that for any given
income level, y, there exists a threshold price,
P(y), such that the optimal expenditure on
computers will be zero whenever p > P(y).
The price P(y) coincides with Hick’s (1940)
virtual price. It is the minimum price that sets
the demand for n equal to 0O, or is the price at
which the demand curve for n will touch the
vertical axis. This threshold price is increasing
in income. This implies that along a falling price
path, the rich will buy the good before the poor
do. Finally, note that the demand curve given
by Equation (8) is not of a form that an applied
economist would typically estimate.
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Last, suppose that computers can be produced
from final output according to the production
function

n = zo,

where o is the use of output in computer pro-
duction and z is the level productivity in the
computer sector. Under this assumption the price
of computers is simply given by p = 1/z. Thus,
the decline in the price of computers over time
can be identified with exogenous technological
progress in the production of computers. It is
hard to comprehend how the observed astonish-
ing 25% annual price decline can be anything
else.

A. Welfare Gain

What is the welfare gain to consumers in
2004 from the invention of PCs and the fall in
their relative price since 1977? The welfare gain
will be measured in terms of both the equivalent
and compensating variations.

First, suppose it is the year 2004 and com-
puters have never been invented. As is readily
apparent from Equation (8), this is the same as
assuming that computers exist but sell at some
prohibitively expensive price, say p = oo. How
much more income would you have to give to
the consumer so that his welfare level without
computers is equivalent to the one he obtained
with them? This is the equivalent variation. Let
Apy be the additional income required, mea-
sured as a percentage of actual 2004 income,
Y2004. When computers do not exist the person
will spend his entire income on the aggregate
market good. His maximal utility will be

9 W1+ Nev)y2004, O0)
= 0((1 + Mgv)y2004) ~°
J(L=p)+ 1 —=0)v'"?/(1 —p).

In the year 2004 the consumer actually did
purchase computers at the price pyoos. Assuming
that he undertook his purchases optimally, his
indirect utility function specifies a welfare level

of W (2004, P2004)-
The equivalent variation is determined, when

it exists, by solving the following equation for
)\EV:
(10

W1 + hev)y2004, 00) = W (¥2004, P2004)

= W2004-

That is, the equivalent variation, Agy, renders
the individual indifferent between consuming
(1 + N)y2004 of the market good, ¢, and zero
computers, on the one hand, and consuming his
actual 2004 consumption bundle when comput-
ers exist and are available at 2004 prices, on the
other. Equations (9) and (10) yield

Aev = [(1 = p) W (y2004, P2004)
— (=)' =0 @070 yy000) — 1.

Notice that the equivalent variation can be
computed given data on total expenditures and
prices, and estimates of the three preference
parameters, v, 6, and p.

The second measure of welfare that will be
considered is the compensating variation. The
compensating variation is similar to the equiv-
alent variation. In fact, for quasi-linear prefer-
ences the two are equivalent. The compensating
variation is the amount of income that would
have to be taken from the consumer in 2004 to
give him the level of welfare that he would have
realized if computers had never been invented.
Denote the compensating variation, measured
as a percentage of the agent’s 2004 income
level, by hcy. The compensating variation, hcy,
solves the equation

(1D
W((1 = Acv)y2004, P2004) = W (y2004, 00).

Although \cy cannot be written explicitly, it is
uniquely defined by Equation (11) and can be
computed numerically, given estimates of the
preference parameters in conjunction with the
data on prices and expenditures.’

B. The Measurement of Welfare Gains Using
Price Indices

Approximations of the compensating and
equivalent variations can be computed from
a Tornqvist price index as follows. Define
E(w, p) to be the expenditure function associ-
ated with the welfare level w and the price p.

2. In particular, note that
W((1 = hev)y2004: P2004)
= [C((1 = hev)ya004- P2ooa)]' ™"/ (1 = p)
+IN((1 = hev)ya00s, pacos) +v1'7°/(1 = p),
where the functions C(-) and N (-) are specified by (7) and

(8). Also, recall that W (y2004, 00) is given by (9), when hgy
is set to zero.
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Thus
E(w, p) = min[c 4 pn],
c,n

subject to
0U(c)+ (1 —-0)V(n) =w.

Suppose that the expenditure function can be
approximated by a translog function. Then, one
can write

(12)
E(w, p) ~ exp(a + BIn p + kIn p?
+1]flnw+olnw2+ulnwlnp).

Under this assumption, approximations of
the equivalent and compensating variations of
a price decline from pj977 to proos can be
constructed from the Tornqvist price index, PT,
using the formulae

(13) gy =1/PT—land 2gy =1- P,
where

PT

(P2004/ pro77)$1977T52000/2

and
s, = ping /(¢ + pny), for t = 1977, 2004.

(With some abuse of notation, in the discussion
here think about pj977 as representing the price
of the new good in some initial period and
P2004 as giving the price in some final period,
etc.) If pjo77 is Hick’s (1940) virtual price at
which demand is zero then XEV and )\(T:V are
approximations of the welfare gain from the
introduction of the good and its subsequent price
decline to pypos. A magnificent discussion of
the theory underlying this approach is given in
Diewert (2008). Measures of the equivalent and
compensating variation can also be constructed
from the Fisher Ideal price index, at least when
the expenditure function can be approximated
by a quadratic function—again, see Diewert
(2008). This works best when the utility function
is homothetic, which it is not here.
Interestingly, there may not exist an equiv-
alent variation large enough to compensate a
person living today to forgo a new good. That
is, there is no value for Agy that will solve (10).

LEMMA 1. (Nonexistence of an equivalent
variation) Let tastes be given by Equations
(2) and (3) and assume that p > 1. There are
D2004> Y2004, and v combinations such that there
does not exist a \gy that can satisfy (10); i.e.,
such that an equivalent variation does not exist.

Proof. See Appendix. |

If the situation described in the Lemma hap-
pens, the assumptions underlying the theory
justifying the use of price indices to measure
welfare changes fail to hold. This occurs because,
when the equivalent variation does not exist,
the expenditure function cannot be well approx-
imated by either quadratic or translog functions.

COROLLARY 1. (Nonexistence of a translog
approximation) There are paoos, Y2004, and v
combinations such that the expenditure function,
E(w, p), cannot be adequately approximated by
either translog or quadratic functions.

Proof. Again, see Appendix. |

REMARK 1. The argument can be extended to
the case of a low initial demand at some high
price. Set pio77 at Hick’s (1940) virtual price,
P (y2004), s0 that pio77 = P(y2004). This is the
minimum price that sets the demand for the new
good equal to zero as defined in Equation (7). By
continuity, when the equivalent variation does
not exist, the expenditure function cannot be well
approximated for any price p < pig77 that is
close enough in value to pi977. But, for these
p’s, the demand for the new good, N (Y2004, P),
will be small but positive.

Even though the use of the Tornqvist price
index to calculate measures of the welfare gains
from new goods may work well in many sit-
uations, the above discussion is not merely a
theoretical curiosity. As will be seen below,
while the Tornqvist price index approach pro-
vides a reasonable approximation of the welfare
gain from the introduction of computers, it does
not work well for electricity.

IV. QUANTITATIVE EXPERIMENT

The task is to compute the welfare gain
to consumers in 2004 due to the invention of
the PC in 1977 and the subsequent decline in
its price. In order to compute this, informa-
tion about appropriate values for the preference
parameters must be obtained. There are three
preference parameters to pin down: the coeffi-
cient of relative risk aversion, p, the weight on
utility from aggregate market consumption net
of computers, 0, and the parameter v, which is
important for specifying the marginal utility of
zero computer consumption. These parameters
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are determined using the following calibra-
tion/estimation procedure.

To begin with, for each year ¢ between 1977
and 2004 let p; represent the quality-adjusted
price of computers relative to aggregate market
consumption net of computers, and y, denote
total expenditure at date 7 in the data. Simi-
larly, let n; be the aggregate quantity of quality-
adjusted computers purchased. The price and
expenditure data are taken from the Bureau of
Economic Analysis (BEA)—see the Appendix
for more detail. The BEA adjusts these series,
using hedonic price methods and other tech-
niques, for the quality improvement in comput-
ers, peripherals, and software that occurs over
time. Out of the 16.5% annual decline in the
quality-adjusted prices for PCs that occurred
between 2001 and 2005, Wasshausen and Mou-
ton (2006) report that 11.5% was due to quality
adjustment and 4.9% was attributable to changes
in unit value. Given the quality adjustment that
the BEA does to the data, think about n, as
representing the quantity of computers denomi-
nated in some sort of standardized unit. Figure 1
shows the PC price and quantity indices.’

Next, note that given values for the pref-
erence parameters, the model’s prediction for
the quantity of computers consumed at some
date ¢, m,, can be computed by plugging the
corresponding price and income levels, p; and
y:, into the demand functions specified by (8)
to obtain n; = N (y;, p;). These demand func-
tions also depend on the model’s underlying
parameters, p, 6, and v. Denote this mapping
from the preference parameters to the predic-
tion for the quantity of computers consumed by
n; = N(p, 6, vy, Po)-

Finally, the preference parameters are deter-
mined by minimizing the sum of the squares
of the difference between the logarithm of the
quantity of computers purchased as observed in
the data and the logarithm of the quantity con-
sumed as predicted by the model over the period
1977-2004. This estimation is undertaken sub-
ject to a constraint that is discussed now. The
BEA reports that a zero quantity of computers
(probably some trivial amount) was consumed

3. Berndt and Rappaport (2001) report quality-adjusted
price declines for desktop and mobile PCs. For the period
1976-1999, they found that their prices fell somewhere
between 25% and 27% a year. This is similar to the
25% calculated here using the BEA data for the period
1977-2004. Pakes (2003) finds that his hedonic index yields
an average price decline of 16% for the 1995-1999 sub-
period. This compares with 16% obtained using the BLS’s
hybrid method for the CPI and 22% for the PPI.

in 1977 while they were available at a positive
price. Very small amounts are reported in the
years immediately after 1977. In order to track
accurately the small amounts of computer con-
sumption in the early years a restriction will be
imposed on the estimation requiring that the pre-
dicted purchases of computer in 1977 must be
zero. In other words, the parameters are chosen
by solving

2004

min Z [Inn, — InN(p, 6, v; yr, p:)1°,

.0,
oo Ji977

subject to

N(p, 6, v; ¥1977, P1977) = 0.

Essentially, one can think of the constraint as
identifying v.

The calibration/estimation procedure results
in a value for p of 0.326, a value for 6 of
0.994, and one for v of 4 x 107°. The values
are reasonable. The value for p suggests that
computers and general consumption goods are
substitutes. This makes sense given that comput-
ers and their accessories have substituted for a
variety of other goods such as calculators, type-
writers, stationery, travel agents, photo albums,
etc. At high levels of expenditure, the coefficient
1 — 6 is approximately computer’s share of total
expenditure. In 2004 this was exactly 0.006, so
that the share of general goods in spending was
0.994. Last, v is only 0.005% of the quantity
of computer purchases in 2004. The model’s
prediction for the logarithm of the quantity of
computers demanded along with the logarithm
of the quantity consumed from the data are given
in Figure 4. As can be seen, the model fits the
data remarkably well. The R? is 0.9813.

Plugging the parameter values and the 2004
data into the formulas for the equivalent and
compensating variations yields an equivalent
variation of 2.14% and a compensating varia-
tion of 2.19%. This compares with Hausman’s
(1996) estimate of 0.002% due to the introduc-
tion of Apple-Cinnamon Cheerios, which is a
minor product innovation. Petrin (2002) reports
a welfare gain of 0.029% associated with the
advent of the minivan, a more substantive prod-
uct. A much smaller fraction of the population
owns minivans as compared with computers,
though. Furthermore, this product has not seen
the remarkable price decline that computers
have. In a similar vein, Goolsbee and Petrin
(2004) find a 0.035% gain tied to the genesis of
satellite TV. The current estimate is far below
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FIGURE 4
Log (In) Quantity Indexes for Computers,
Peripherals, and Software for the Years
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Goolsbee and Klenow’s (2006) one of 26.8%
resulting from the internet, at least when the
model is interpreted literally. They note that with
the isoelastic utility function they choose “the
utility from the first units of consumption is so
high” that the welfare gains will be large.* As
was mentioned, Goolsbee and Klenow (2006)
present an alternative, smaller, estimate (their
preferred one) based upon a linearized leisure
demand curve to reduce the sensitivity of the
welfare gain estimate to this region of the utility
function.

Hausman’s (1999) approximate demand mea-
sure of the welfare gain from the introduction
of a new good is 0.5x(share of new good in
expenditure)/(price elasticity of demand). The
time series data for computer consumption sug-
gest a price elasticity of 1.83. This implies that

4. Modeling the consumption of internet services is
trickier than other goods. Most consumers purchase internet
services at a fixed monthly price. Therefore, they can use as
much of the services in a month as they desire. The limiting
factor is the amount of time that an individual wants to
spend on the internet. This is why Goolsbee and Klenow
(2006) estimate the demand for the internet by relating the
time spent using the product to the opportunity cost of
time. Modifying the utility function to bound the marginal
utility of internet services at zero consumption would lower
the welfare estimate. It should also help explain Goolsbee
and Klenow’s (2006) fact that 37% of people were not on-
line. Putting more concavity in the utility function at high
levels of consumption would help lower the welfare estimate
as well. Last, as a technical aside, Goolsbee and Klenow
(2006) mix internet consumption and time spent surfing in a
Cobb—Douglas fashion. It would be an interesting exercise
to remodel things with a Leontief structure, because this
would explicitly bind internet consumption by the time
devoted to it.

a 10% increase in the quality-adjusted price of
computers will result in an 18% decrease in
demand. Taking their 2004 expenditure share
of 0.006 (one of the larger values recorded as
can be seen from Figure 2) suggests a welfare
gain of only 0.16%. As was mentioned, Haus-
man (1999) states that his approximate demand
measure is best interpreted as a lower bound
on the welfare gain. It is a far cry from the
true value that obtains if tastes take the form
specified in (1) with the estimated parameter
values. The small number obtained from Haus-
man’s approximation procedure results from the
fact that computers constitute a small share of
expenditure. Yet, they still are important in gen-
erating utility. His linear demand approximation
method is likely to perform better for the intro-
duction of more minor products, such as Apple-
Cinnamon Cheerios, which can be viewed as a
small change from the status quo. In fact, Haus-
man’s measure performs worse than the wel-
fare measures obtained using the Tornqvist price
index, as given by Equation (13). The index
performs well yielding estimates of 2.07% and
2.03% for the equivalent and compensating vari-
ations respectively. The Fisher Ideal price index
does not work well in this situation, yielding
estimates of 137% and 58%.’

A. Some Sensitivity Analysis

Given the outstanding fit of the model to the
data, room for an improved estimation would
appear to be small. One could try generalizing
the utility function over general goods consump-
tion and computers. Specifically, assume that the
utility functions for general goods consumption
and computers have different degrees of curva-
ture:

Ule,n) =0c"°/(1 — p) + (1 —6)
x (n+v)'7Y/(1—y),

with 0 <0 <1 and p,y > 0. Calibrating this
modified version of the model using the proce-
dure described above yields 6 = 0.97, p = 1.8,
vy =0.76,and v = 4 x 107>, The equivalent and

5. This price index is the geometric mean of the
Laspeyres and Paasche prices indices. The Laspeyres
price index is given by (ci977 + p2004n1977)/(C1977 +
P2004n1977) = 1, because the initial consumption of comput-
ers is zero so that ny977 = 0. The Paasche index is defined as
(€2004 + P20047112004)/ (C2004 + P1997712004), Which is a small
number given the rapid decline in the price of computers;
i.e., piog7 is very high relative to psopos. Thus, the Fisher
Ideal price index shows an extremely steep decline.
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compensating variations under this version of
the model turn out to be 3.3% and 3.2% of 2004
consumption, respectively. The upshot of the
above analysis is that it may be best to view
the welfare gain from PCs as lying in the range
of 2.14%-3.3%.

One can also compute the welfare gain that
computers generated at any year from the time
of their introduction in 1977 to 2004, using
the estimated parameter values and the price
and quantity data. The average welfare gains
for each year, computed as the average of the
equivalent and compensating variations gener-
ated from both versions of the model, are plot-
ted in Figure 5. It is possible that there is
some error in the measurement of the quality-
adjusted prices for PCs. Thus, it is interesting
to assess the sensitivity of the welfare esti-
mates to variations in the observed rate of price
decline. Using the price data to compute a
95% confidence interval around the mean annual
rate of price decline generates a lower bound
for the price decline of 23% and an upper
bound of 26%. Now, construct two rescaled
price series that have average rates of decline
that are consistent with these bounds; i.e., just
multiply the period-t price for computers by
(1.23/1.25)"=1977 and (1.26/1.25)'~ 1977, Corre-
sponding lower and upper bounds on the welfare
estimates can then be computed, using these two
rescaled price series. These bounds on the wel-
fare estimates are also presented in Figure 5.
Notice how the welfare benefit grows over time
as the price for computers declines. Brynjolfsson
(1996) estimates that the welfare gain from com-
puters was somewhere between 0.2% and 0.3%

FIGURE 5
Year-by-Year Welfare Gains for Personal
Computers
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of gross domestic product (GDP) in 1987. This
compares with the 0.2% found here.®

The analysis above shows that a simple
model of a representative consumer with a slight
modification to the standard isoelastic utility
function can lead, using a straightforward cali-
bration/estimation procedure and aggregate data,
to a reasonable measure of the welfare gain
realized from the introduction of PCs. A few
words of caution are in order, however. First,
since the parameter values are not determined
through a statistical estimation, the analysis is
silent on standard errors and other tests of the
model. Second, the welfare measures are con-
ditional on the parametric form chosen for util-
ity. This is a problem that many econometric
approaches suffer from as well. On the latter
point, there may be nonseparabilities in utility
between computers and other specific goods. For
example, Gloosbee and Klenow (2006) assume
that internet services and leisure are Edgeworth-
Pareto complements in the utility function. This
could be true of computers more generally, of
course. Think about playing computer games.
Internet services could also be an Edgeworth-
Pareto substitute with housework, if they can be
used to reduce time spent on chores such as pay-
ing bills, shopping, etc. Gloosbee and Klenow
(2006) also mention that there may be spillover
effects across consumers that are important for
household computer adoption. Entering a net-
work externality into tastes may provide another
route for modeling the low initial demand for
computers. More sophisticated specifications of
tastes would probably require more data in order
to estimate the structure well, such as the time-
use data used by Gloosbee and Klenow (2006).

V. ELECTRICITY, ANOTHER NEW GOOD

The method outlined above is a reason-
able and simple way to estimate the welfare
gain from the invention of, and advancements
in, major new goods whose price decreases
over time are primarily driven by technological
progress. One of the most important innovations
in modern history is electricity. Following the
approach that is used for computers, the welfare
gain is computed from the invention of electric-
ity and the subsequent technological improve-
ments that led to a decrease in its price. The

6. Brynjolfsson (1996) discusses several measures of
consumer welfare, such as the Hicksian and Marshallian
notions of consumer surplus. They all give more or less
the same answer.
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model with electricity is calibrated using price
and expenditure data for electricity taken from
the BEA—details are provided in the Appendix.
Prices are available for each year from 1929
to 2006. At the first available price observa-
tion the quantity of electricity consumed was
far from zero, unlike in the case for computers.
In fact, electricity was already approximately
0.8% of total consumption expenditure in 1929,
more than half of its 2006 level of 1.6%. Con-
sequently, the price that sets demand to zero,
which was used earlier to identify the parameter
v, is not the 1929 price nor any of the other
prices observed over the 1929-2006 period.
Thus, the calibration is carried out exactly as
in the computer case, but without any constraint
on the demand function.

The procedure generates a value for p of 9.26,
a value for 6 of 1 — 1078, and a value for v of
0.062. The high value of p means that general
consumption goods and electricity are strong
complements in utility. This makes sense given
that, for the most part, people do not derive
utility from electricity alone but by combining
electricity with other consumption goods. As
with computers, the model is able to do a
good job of matching the demand for electricity
observed in the data. The R? is 0.9776.

The compensating variation computed from
the model for electricity is 92.0% of total 2006
consumption expenditure. How does this com-
pare to Hausman’s (1999) approximate demand
measure? Reiss and White (2005) estimate the
price elasticity of demand for electricity in Cal-
ifornia to be 0.39. Plugging this plus electric-
ity’s share of expenditure in 2006, 1.6%, into
Hausman’s formula results in a welfare gain
of only 2.0%. According to Reiss and White
(2005), a lower bound on the price elasticity
based on other studies is 0.15. Electricity’s share
of expenditure over the 1920-2006 period was
the highest in 1984 when it reached 2.4%. Using
these extreme values, Hausman’s measure gen-
erates a welfare gain of 8.0%.

Measures of the welfare gain arising from the
introduction of electricity can also be computed
using the Tornqvist price index. To do this,
use the model to compute Hicks (1940) virtual
price; that is, the minimum price that sets the
demand for electricity equal to zero. Suppose
that this was the price of electricity in 1881,
the year when the Niagara Falls Hydraulic
Power & Manufacturing Company opened a
small power station that generated a small
amount of electricity to light the village of

Niagara Falls. This price can then be plugged
into the Tornqvist price index. The estimates
of the compensating and equivalent variations
derived from the Tornqvist price index are
22.8% and 29.6%, respectively.” Even though
the Tornqvist price index performs much better
than Hausman’s measure, the resulting estimate
for the compensating variation is still a long way
from the 92.0% welfare gain generated by the
model.

In line with Lemma 1, there does not exist an
equivalent variation large enough to compensate
a person living in 2006 to forgo electricity. That
is, there is no value for gy that will solve
(10). This illustrates that it may not be possible
to give people enough income in 1881 (the
equivalent variation) to make them as well off
living then without electricity (the new good) as
they do today with it. That is, individuals cannot
obtain enough utility from the “old goods” to
compensate them for the loss of the “new good.”
This makes intuitive sense. On the other hand,
it is always possible to take enough income
away from someone today (the compensating
variation) to make him/her as bad off as an
individual living in 1881. For example, think
about taking away all of his income. He would
then be worse off than someone living in 1881.

Last, Figure 6 shows the plot of the equiv-
alent variation, based on the estimated values
for 6, p, and v, as the price for electricity rises
from some conjectured initial starting value,
denoted by p, toward the virtual price P (y2006)-
The final price is the 2006 price for compu-
ters. Observe that the equivalent variation grows
without bound. The figure also shows the plot
of the Tornqvist approximation to the equiva-
lent variation. As the initial price for electricity
becomes large the gap between the two mea-
sures widens.

An interesting application of the technique
developed here is undertaken in Hersh and Voth
(2009). They estimate the welfare gains from the
introduction of new products in the 17th century,
namely coffee, sugar, tea, and tobacco. While
today’s consumer takes these simple goods for
granted, life was Spartan at that time. The con-
sumption basket was weighted heavily toward

7. Specifically, the welfare gains are given by (13) with

PT = [paoos/ P (y2006)1°2006/2,

where paoos, Y2006, and s2006 are electricity’s price, income,
and expenditure share in the 2006 U.S. data and where the
virtual price P (y2006) is defined in (7).
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FIGURE 6
The Equivalent Variation and Its Tornqvist
Approximation
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food. The European diet was essentially com-
posed of beer, grains, meat, milk, and water.
Hersh and Voth (2009) discuss how these new
goods dramatically transformed European eat-
ing habits. After their introduction, the price of
goods such as sugar and tea declined rapidly
[see Hersh and Voth (2009, figures 2—4)]. They
estimate that by 1850 the introduction of tea and
sugar alone was worth about 15% of consump-
tion to the average consumer.

VI. CONCLUSION

What is your PC worth to you? About
2%—3% of total consumption expenditure is the
finding. This answer is predicated upon a simple
model of consumer demand. A slight modifica-
tion of the standard isoelastic variety of pref-
erences results in a well-behaved demand for
computers: demand drops to zero as prices rise
to some well-defined level, and the consumer’s
surplus associated with a new good is gener-
ally bounded. The model of consumer demand
is fit to national income and product data, using
a straightforward calibration/estimation proce-
dure, to uncover the taste parameters needed
for the welfare analysis. The parameter values
obtained are reasonable and the framework fits
the aggregate data well. In addition, the results
are robust to a modification of preferences.
Finally, the method for computing the welfare
gain for computers is found to work well for
estimating the welfare gain from electricity. In

this case the theoretical assumptions required for
price indices to approximate the gain in wel-
fare are violated. Here, a compensating varia-
tion of 92% is found. No equivalent variation
exists, implying that it would be impossible to
compensate a person living today to go without
electricity.

APPENDIX

Theory
Proof of Lemma. First, suppose that

(A1) wagos = W (va004, paooa) > (1 — B 7P /(1 — p).

When this transpires an equivalent variation cannot exist
because the right-hand side of Equation (9) approaches
(1 —0)v'=?/(1 — p) from below as x — co. But W (y2004,
paoos) > (1 —0)v!=P/(1 — p), by assumption. Second, there
exists a v such that (Al) holds. To see this, note that
(1 —0))w'=/(1 —p) — —oc0 as v — 0. Now, with a little
effort, it can be shown that when both goods are consumed

W (y20045 P2004)

= (Y2004 + P200av)' /(1 = p)

1—0\"°
X |:1/[1+ (T) (P2004)(pl)/p]j|

x [0+ =01 = 0)/6)(1/p0n] "]

I-p

By picking poo4 and yroo4 appropriately this expression
can be clearly made bigger than (1 — 0)v!~/(1 — p). There
are many combinations that can do this. For example,
W (32004, P2004) = 0(y2004)'7°/(1 — p) as pagos — O So,
pick yaoo4 > [(1 — 0)/6]"/0=Py for some small pyoos. M

Proof of Corollary. In line with the lemma, pick combina-
tions for paoo4, Y2004, and v such that an equivalent variation
does not exist. Now, suppose that the expenditure function
can be approximated by a translog function in line with (12).
Under this assumption, the equivalent variation_of a price
decline from Hick’s (1940) virtual price p* = P(y004) to
P2004 is given by

hev = E(wao04, p*)/ Y2004 — 1
>~ [a+BInp* + K In(p*)? + ¥ In wagps
+oln wgom + wIn wopoq In p*1/y2004 — 1.

Clearly, hgy given by the formula above is finite, a
contradiction. The argument for the quadratic function is
the same. ]

Data

All the computer data derives from the U.S. National
Income and Product Accounts, Tables 2.4.4 and 2.4.5, and
spans the period 1977-2004. The electricity data is from
the same source; however, it spans the period 1929-2006.
These tables are available on the website for the BEA. When
mapping the model into the computer data, the variable n
is taken to be real personal consumption expenditure on
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computers, peripherals, and software. This series is con-
structed by deflating nominal personal consumption expen-
diture on computers, peripherals, and software by the price
index for this particular series. Note that BEA adjusts these
series, using hedonic price methods and other techniques,
for the quality improvement in computers, peripherals, and
software that occurs over time. The variable ¢ represents real
personal consumption expenditure on all other goods. This
is obtained by subtracting nominal personal consumption
expenditure on computers, peripherals, and software from
total nominal personal consumption expenditure, and then
deflating by the price series for personal consumption expen-
diture. The relative price p is simply taken to be the ratio
of the price index for personal consumption expenditure on
computers, peripherals, and software to the price index for
personal consumption expenditure. Last, real income, y, is
simply defined by y = ¢ + pn, which is total personal con-
sumption expenditure.

The mapping from the model to the data for the case of
electricity is done in exactly the same ways as for computers.
The only difference is that instead of expenditure and prices
for computers, peripherals, and software, the variables n and
p are taken to be real personal consumption expenditure and
prices for electricity services, respectively.
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