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Summary

This dissertation is devoted to the issues of price measurement. It comprises three

chapters each of which replicates a separate paper. The first two papers are concerned

with the theory and application of retroactive revisions of price indices. Both papers

are co-authored with Ludwig von Auer. The third paper studies the monetary evalua-

tion of free digital products, that is, products with zero prices. The empirical applica-

tions for all three papers are conducted using the programming language R.

Price indices play an important role in the economy as they monitor changes in the

price level and measure price movements. Price level measures are used as a conver-

sion mechanism for various nominal economic indicators (e.g. gross domestic product)

when they are converted into real indicators. They are also used for indexing pensions,

rents, alimony, and other contractual payments. Furthermore, they are the reference

for the monetary policy of central banks. Therefore, providing accurate and consis-

tent price data is one of the most important objectives of National Statistical Offices

(NSOs).

Chapter 1 develops different options for the retrospective computations of price

index numbers. Most NSOs compute their Consumer Price Index (CPI) as Laspeyres

type indices. Such indices use outdated weighting information. It is well known that

outdated weighting information causes accumulating upward bias. This bias is usually

denoted as substitution bias. The lable refers to the fact that Laspeyres type indices ig-

nore that consumers attempt to adjust their consumption behaviour such that they get

the best price-performance ratio. The greater the individual price changes, the larger

is the substitution bias of the Laspeyres type indices. Therefore, the present study

introduces and examines simple and transparent revision approaches that retrospec-

tively address the source of the bias. They provide a consistent long-run time series of

the CPI and they require no additional information. Furthermore, a coherent decom-

position of the bias into the contributions of individual product groups is developed.

In a case study with German price and expenditure data, the approaches are applied

to a Laspeyres-based CPI. The empirical results confirm the theoretical predictions.

The proposed revision approaches are not only adoptable to most national CPIs, but
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also to other price level measures such as the producer price index or the import and

export price indices.

Chapter 2 is dedicated to the measurement of import and export price indices.

Such indices are complicated by the impact of exchange rates. Like the CPI, the im-

port and export price indices of an economy are usually compiled by some Laspeyres

type index. Therefore, substitution bias is an issue. Since the terms of trade of a coun-

try are defined as the ratio of the export and import price index, they too are likely

to be distorted. The underlying substitution bias accumulates over time. Hence, the

second paper introduces a simple and transparent retroactive correction approach that

addresses the source of the substitution bias and produces meaningful long-run time

series of import and export price levels and, therefore, of the terms of trade. In addi-

tion, an empirical case study based on German data is conducted to demonstrate the

effectiveness and versatility of the corrective approach.

Chapter 3 leaves the field of index revision and studies another issue in price mea-

surement, namely, the monetary evaluation of digital products that have zero market

prices. Such products differ from products with positive market prices. The latter are

constantly monitored by the NSOs. Prices and quantities consumed are evaluated and

included in the calculation of price indices. In addition, their contribution to other

economic indicators (e.g., gross domestic product) is calculated. Products with zero

market price are largely ignored, even though they have economic value and their pro-

duction requires economic resources. The present analysis argues that each consumer

of a free digital product pays an individual implicit price (or shadow price). Thus, in

theory, the value of free digital products can be derived from the consumers’ implicit

prices. In the literature, some methods for assessing the monetary value of free dig-

ital products has been discussed. The economic valuation of free digital products is

usually conducted with the help of direct and/or indirect methods (e.g., contingent

valuation, discrete choice experiments). As an alternative, the present study proposes

a usage cost model (UCM) that is based on revealed preferences. The approach adapts

the well known Travel Cost Model (TCM) to the case of free digital products. The anal-

ysis starts out by describing the theoretical model and the underlying assumptions of

the UCM. The theoretical part is followed by an empirical case study that applies the

UCM to various free digital products.

2



Extended Summary

National Statistical Offices (NSOs) are entrusted with the provision of an accurate mea-

surement of the economies’ price levels and price level changes. To this end, they col-

lect price data and transform them into price index numbers. These index numbers

are used for various purposes. On the macroeconomic level they serve as a reference

for monetary policy and as a conversion mechanism for the transformation of nominal

indicators of the economy into real indicators (e.g., gross domestic product). On the

microeconomic level, they are used for the indexation of pensions, rents, social ben-

efits, and other contractual payments. The goal of the NSOs is to provide consistent

and reliable measures of price levels. Therefore, a lot of research has been devoted to

this task.

This cumulative dissertation contributes to this research. It comprises three chap-

ters each of which replicates a separate paper. The first two papers are concerned with

the theory and application of retroactive revisions of price indices. Both papers are

co-authored with Ludwig von Auer. The third paper studies the monetary evaluation

of free digital products, that is, products with zero prices. The empirical applications

for all three papers are conducted using the programming language R.

In price level measurement, a trade-off exists between timeliness and accuracy. One

way to mitigate this trade-off is to publish preliminary index numbers without much

delay and, at a later point of time, to complement these preliminary numbers by a

retrospectively revised price index number that uses more reliable data. A compari-

son between the preliminary index numbers and the revised index numbers helps to

evaluate the reliability of the preliminary index numbers.

Most NSOs compute their Consumer Price Index (CPI) as Laspeyres type indices.

To fulfill the requirement of timeliness, such indices use outdated weighting infor-

mation. It is well known that outdated weighting information causes accumulating

upward bias. This bias is usually denoted as substitution bias (ILO et al., 2004, p. 4).

The label refers to the fact that Laspeyres type indices ignore that consumers attempt

to adjust their consumption behaviour such that they get the best price-performance

ratio. The greater the individual price changes, the larger is the substitution bias of

the Laspeyres type indices. Various empirical studies compute retrospectively revised
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price index numbers. They confirm that substitution bias is still a problem in official

price measurement; e.g., Hansen (2007), de Haan et al. (2010), Greenlees and Williams

(2010), Huang et al. (2017), Klick (2018), and Herzberg et al. (2021).

Chapter 1 consolidates former proposals for computing retrospectively revised in-

dex numbers (de Haan et al., 2010) into two basic approaches and introduces various

alternative options for each of these approaches. The two approaches are denoted as

correction approach and imputation approach. Both of them provide a consistent long-

run time series of the CPI and they require no additional information. Furthermore, a

coherent decomposition of the bias into the contributions of individual product groups

is developed. In a case study with German price and expenditure data, the approaches

are applied to a Laspeyres-based CPI.

The empirical results confirm the theoretical predictions. Without any retrospec-

tive revision, the long-run upward substitution bias during the time interval January

2000 and December 2014 would have amounted to almost 0.22 percentage points per

year. The official retrospective revisions of the German CPI did not eliminate the

yearly bias, but reduced it to 0.087 percentage points. This is a conservative estimate,

since it does not include the upward bias attributable to the lower level of aggregation.

It is also shown that half of the bias in the German CPI can be attributed to a single

group of items even though the expenditure share of that group is below 12 percent.

Theoretically, the proposed revision approaches are not only adoptable to most na-

tional CPIs, but also to other price level measures such as the producer price index or

the import and export price indices. However, each of these measures has its own spe-

cific issues. Therefore, the adoption of the revision approach to these indices requires

additional considerations.

Chapter 2 is dedicated to the retrospective revision measurement of import and

export price indices. The compilation of import and export price indices is compli-

cated by the impact of exchange rates. The “Export and Import Price Index Manual”

published by the IMF (2009) provides recommendations for the compilation of import

and export price indices. Like the CPI, the import and export price indices of an econ-

omy are usually compiled by some Laspeyres type index. Therefore, substitution bias

is again an issue (e.g., Dridi and Zieschang, 2004, p. 169; IMF, 2009, pp. 413-439).

Since the terms of trade of a country are defined as the ratio of the export and import

4



price index, they too are likely to be distorted. The underlying substitution bias accu-

mulates over time. Hence, Chapter 2 introduces a simple and transparent retroactive

correction approach that addresses the source of the substitution bias and produces

meaningful long-run time series of import and export price levels and, therefore, of

the terms of trade. In addition, an empirical case study based on German data is con-

ducted to demonstrate the effectiveness and versatility of the corrective approach.

For the time interval January 1995 to May 2019 the accumulated upward substitu-

tion bias of the import price index is more than five percent, while the upward bias of

the export price index is slightly above one percent. Therefore, the upward bias in the

terms of trade is roughly four percent. The empirical case study verifies that the accu-

mulating substitution bias can be easily avoided by a three-stage retroactive revision

process. This process requires no additional data and is adaptable to the specific index

compilation procedures of the various national statistical offices.

Chapter 3 leaves the field of index revision and studies another issue in price mea-

surement, namely, the monetary evaluation of digital products that have zero market

prices. Such products differ from products with positive market prices. The latter are

constantly monitored by the NSOs. Prices and quantities consumed are evaluated and

included in the calculation of price indices. In addition, their contribution to other

economic indicators (e.g., gross domestic product) is calculated. By contrast, products

with zero market price are largely ignored, even though they have economic value and

their production requires economic resources. The present analysis argues that each

consumer of a free digital product pays an individual implicit price (or shadow price).

Thus, in theory, the value of free digital products can be derived from the consumers’

implicit prices.

In the literature, various methods for assessing the monetary value of free digital

products have been discussed. They include direct and indirect methods (e.g. contin-

gent valuation mathods, discrete choice experiments, experimental auctions of access-

ing WTA/WTP category etc.). Studies that apply these methods to the case of digital

products include Brynjolfsson (1996), Rappoport et al. (2003), Goolsbee and Petrin

(2004), Zhang (2016), and Byrne et al. (2018). However, these studies focus on digital

products that are not entirely costless. Recently, more attention has been paid to free

digital products and the measurement of their invisible “shadow” price. Contribu-
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tions to this field include Post (2009), Brynjolfsson and Oh (2012), Brynjolfsson et al.

(2019b), Herzog (2018), Mosquera et al. (2019), and Corrigan et al. (2018).

The present study introduces a new approach that is based on revealed preferences.

It proposes the “usage cost model” (UCM). The approach adapts the well known travel

cost model (Hotelling, H., 1947, Smith, 1989) to the case of free digital products. The

analysis starts out by describing the theoretical model and the underlying assumptions

of the UCM. The theoretical part is followed by an empirical case study that applies

the UCM to the three social media platforms Facebook, Instagram, and WhatsApp.

Only parts of the empirical results are plausible. Two alternative conclusions can

be drawn from this observation. Possibly, the UCM does not represent the expected

improvement over the existing methods for measuring the shadow price of free digi-

tal goods. Alternatively, the size and structure of the sample was unsuitable for this

method. Applying the UCM to a much broader sample may provide more plausible

results.
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1 Retrospective Computations of Price Index Numbers:

Theory and Application1

1.1 Introduction

Various important fields of economic analysis rely on indicators such as real gross

domestic product, real wages, real interest rates, and real public debt. To obtain a

long-run time series of such an indicator, the time series of the corresponding nomi-

nal indicator is deflated by some appropriate price level measure. National statistical

offices (NSOs) are entrusted to provide these price level measures in an accurate and

timely manner.

The most important national price level measure is the Consumer Price Index

(CPI). In their CPI compilations, NSOs relate the comparison period’s (or current pe-

riod’s) price level of final consumption to the price level of some former price reference

period (or base period). In the applied price index formulas, the weighting of the vari-

ous consumption items reflects the consumer expenditures on these items. Most NSOs

apply an index derived from the Laspeyres index; in other words, a “Laspeyres type

index”. Usually this is a Lowe index (e.g., Australia, Canada, Switzerland, U.S.) or

a Young index (e.g., Denmark, Georgia, South Africa). Only few NSOs use a proper

Laspeyres index (e.g., Germany, Japan). While the weighting of a proper Laspeyres

index exclusively depends on expenditure information of the price reference period,

the weighting of a Laspeyres type index may draw on expenditure information from

periods other than (and usually preceding) the price reference period.

Unfortunately, the Laspeyres index as well as Laspeyres type indices are known to

suffer from upward substitution bias because in their item weights they fail to incor-

porate the substitution behavior reflected in the consumed quantities of the compari-

son period (e.g., ILO et al., 2004, p. 4). Among the more recent studies that provide

empirical evidence of this bias are Hansen (2007), de Haan et al. (2010), Greenlees

and Williams (2010), Huang et al. (2017), Klick (2018), and Herzberg et al. (2021).

The more outdated the expenditure information – and, consequently, the applied item

1Helpful comments from Olivia Ståhl, Can Tongur, and Sebastian Weinand are gratefully acknowl-
edged. The present paper was published as a research paper in the Research Papers in Economics, Uni-
versität Trier: See please von Auer and Shumskikh (2022a).
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weights – the larger the risk of substitution bias and the associated accumulating up-

ward bias in the long-run time series of monthly price levels. Such findings are wor-

rying for institutions and analysts that rely on an unbiased long-run time series of

the CPI because upward biased CPI numbers would, for example, result in downward

biased real growth rates.

To reduce the risk of biased CPI numbers, many NSOs attempt to shorten the time

interval between the comparison period and the period to which the item weights re-

late. Another strategy is to wait until sufficiently up-to-date information on expendi-

tures and, thus, on weighting is available and then to publish revised index numbers.

However, in many countries such revisions raise legal issues. Furthermore, NSOs may

worry that revisions undermine the credibility of their published numbers. Therefore,

many NSOs are reluctant to retrospectively revise their initial results.

Generally, it is acknowledged that retrospectively revised numbers tend to be more

accurate than original ones. Therefore, revisions are extremely valuable for scientific

purposes and, thus, for designing sound economic and social policies. More NSOs

might be willing to consider the provision of such revised numbers if the extra work

load appears manageable. Therefore, the compilation of the revised numbers should

require only information that the NSOs collect and process anyway.

The first contribution of the present paper is to present and elaborate two general

approaches of such work-saving retrospective revision methods. The two approaches

are denoted as the “correction approach” and the “imputation approach”. For the im-

plementation of both approaches a wide range of options is available. Therefore, they

are general enough to be applied by most NSOs. The approaches effectively address

the source of the accumulating substitution bias and they generate a consistent long-

run time series of monthly price levels. The revised series also indicates the upward

substitution bias inherent in the non-revised series.

In addition, it is shown that the imputation approach can decompose the upward

substitution bias into the contributions of individual groups of items. This decompo-

sition method is the paper’s second contribution. In the future, this method may help

to mitigate the bias already from the outset.

The paper’s third contribution is empirical. To illustrate the relevance of the prob-

lem and the efficacy of the proposed revision approach, it is applied to the upper level
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aggregation of the German CPI. Even though the study relates to the CPI, its insights

carry over to other price level measures such as the producer price index or the import

and export price indices.

The rest of the paper is organized as follows. Section 1.2 recaptures the relevant

concepts from index theory. The correction approach and the imputation approach are

introduced in Section 1.3. In Section 1.4, an empirical application of the new revision

concept is presented. The decomposition of the upward bias into the contributions

of individual groups of items is developed in Section 1.5 and applied in Section 1.6.

Section 1.7 concludes.

1.2 Four Types of Symmetric Price Indices

Let pti and xti denote the price and the quantity of item i ∈ A = [1, . . . ,N ] at time period

t ∈ [0, . . . ,T ]. The expenditures on item i are denoted by vti = ptix
t
i . The symbols

∑
and∏

are the shorthand notation for the sum and the product over all N items in set A.

Only for periods 0 and T the expenditure shares of the N items are known:

s0
i =

v0
i∑
v0
j

and sTi =
vTi∑
vTj

.

For each comparison period t ∈ [0, . . . ,T ], a Laspeyres index can be compiled that

compares the average price level of the comparison period t to the average price level

of the price reference period 0. The resulting sequence of Laspeyres indices, P 0�t
L , is

P 0�0
L =

∑
s0
i

p0
i

p0
i

= 1, P 0�1
L =

∑
s0
i

p1
i

p0
i

, . . . , P 0�T
L =

∑
s0
i

pTi
p0
i

. (1)

In this study, the period that provides the information for the calculation of the

expenditure weights is denoted as the expenditure reference period. In the sequence of

Laspeyres indices (1), period 0 is both, the expenditure reference period and the price

reference period.2

2The expenditure reference period should not be confused with the weight reference period as defined
in ILO et al. (2004, p. 3). The latter is the period whose quantities are actually used in the index. In
a Laspeyres index of the form (1) the weight reference period and the expenditure reference period
coincide. Another type of reference period is the index reference period. This is the period for which the
index is set equal to 100.
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Once the expenditure shares of the new expenditure reference period T become

available, a retrospective price index can be compiled for each comparison period

t ∈ [0, . . . ,T ]. Possible candidates for such retrospective price indices are appropri-

ately modified versions of so-called symmetric standard price index formulas. ILO et

al. (2004, pp. 5-6) attach the label “symmetric” to price index formulas that give equal

importance to the information of the first expenditure reference period 0 and the sec-

ond expenditure reference period T . However, the phrase “equal importance” turns

out to be rather ambiguous because it can come in different forms. Therefore, we pro-

pose to distinguish between four types of symmetry:

A: Symmetric Treatment of Quantities

The quantities, xi , represent some combination of x0
i = v0

i /p
0
i and xTi = vTi /p

T
i . Exam-

ples are

Marshall-Edgeworth : P 0�T
ME =

∑
pTi (x0

i + xTi )∑
p0
i (x0

i + xTi )

Walsh : P 0�T
W =

∑
pTi

√
x0
i x

T
i∑

p0
i

√
x0
i x

T
i

. (2)

B: Symmetric Treatment of Expenditures

The expenditures, vi , represent some combination of v0
i and vTi . Well known examples

are

Walsh-2 : lnP 0�T
W2 =

∑ √
v0
i v

T
i∑√

v0
j v

T
j

ln
pTi
p0
i

Theil : lnP 0�T
Th =

∑
3
√

1
2

(
v0
i + vTi

)
v0
i v

T
i∑ 3

√
1
2

(
v0
j + vTj

)
v0
j v

T
j

 ln
pTi
p0
i

Vartia : lnP 0�T
Va =

∑ L
(
v0
i ,v

T
i

)
L
(∑

v0
j ,

∑
vTj

) ln
pTi
p0
i

,

where L (a,b) =
a− b

lna− lnb
for a , b and L (a,b) = a for a = b.
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C: Symmetric Treatment of Expenditure Shares

The expenditure shares, si , represent some combination of s0
i and sTi . This type of

symmetry is represented by

Törnqvist : lnP 0�T
Tö =

∑ 1
2

(
s0
i + sTi

)
ln

pTi
p0
i

(3)

Walsh-Vartia : lnP 0�T
WV =

∑√
s0
i s

T
i ln

pTi
p0
i

Sato-Vartia : lnP 0�T
SV =

∑ L
(
s0
i , s

T
i

)
∑
L
(
s0
j , s

T
j

) ln
pTi
p0
i

.

D: Symmetric Treatment of Indices

The indices, P 0�T , represent some combination of an index with expenditure reference

period 0 and some index with expenditure reference period T . For this purpose, the

Laspeyres index, P 0�T
L , and the Paasche index,

P 0�T
P =

∑
pTi x

T
i∑

p0
i x

T
i

=

∑sTi

(
pTi
p0
i

)−1
−1

,

are particularly popular. They are used in price index formulas such as

Fisher : P 0�T
F =

√
P 0�T

L P 0�T
P (4)

Drobisch : P 0�T
D =

1
2

(
P 0�T

L + P 0�T
P

)
.

Some price index formulas can be assigned to more than one type of symmetry. For

example, the Walsh index can also be written in the forms

P 0�T
W =

∑ √
v0
i v

T
i

(
pTi /p

0
i

)−1

∑√
v0
j v

T
j

(
pTj /p

0
j

)−1

pTi
p0
i

(5)

=
∑ √

s0
i s

T
i

(
pTi /p

0
i

)−1

∑√
s0
j s

T
j

(
pTj /p

0
j

)−1

pTi
p0
i

. (6)
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This is a weighted arithmetic mean of the price ratios (pTi /p
0
i ) where the weights de-

pend not only on the expenditures (or expenditure shares) of the price reference pe-

riod, but also on the expenditures (or expenditure shares) of the comparison period T

deflated to the price reference period. Therefore, the Walsh index can be interpreted

as a representative of symmetry types A, B, and C.

The listed symmetric price indices compare the prices of the comparison period T

to those of the price reference period 0. In ILO et al. (2004, p. 173), the retrospec-

tive compilation of a price index such as (2), (3), or (4) is advocated. However, we

need a price index formula that can relate not only period T but also all intermedi-

ate comparison periods t ∈ [1, . . . ,T − 1] to the price reference period 0. What can be

achieved if neither the quantities, nor the expenditures, nor the expenditure shares

of these intermediate comparison periods are known? The objective is a price index

formula that provides a more reliable series of retrospective index numbers than the

Laspeyres-based series (1).

1.3 Retrospectively Computed Price Indices

To construct a reliable series of retrospective price index numbers we recommend to

use some symmetric price index formula. Unfortunately, the quantity and expenditure

information of the intermediate periods (t = 1, . . . ,T −1) is missing. Therefore, we must

make use of the available quantity or expenditure information of the two expenditure

reference periods, t = 0 and t = T , and we must invoke some form of interpolation for

the intermediate periods.

The construction of a retrospective price index formula can follow at least two al-

ternative principles. The index can be defined as

• the product of the original Laspeyres index (or Laspeyres type index) and some

correction factor that accounts for the gradually increasing deviation between

the Laspeyres index and a symmetric price index as t progresses from 0 to T , or

as

• a symmetric price index formula that imputes the missing information on xti ,

vti , or sti (t = 1, . . . ,T − 1) where the imputeted values are weighted averages of
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the values of periods 0 and T , and where the weight of the value of period 0

gradually decreases from 1 to 0 as t progresses from 0 to T .

We denote the two principles as correction approach and imputation approach. In both

approaches, the variable λt = t/T plays a crucial role. As time progresses, λt increases

from λ0 = 0 to λT = 1 and reflects in the retrospective price index formula the grad-

ually diminishing relevance of the first expenditure reference period (t = 0) and the

increasing relevance of the second expenditure reference period (t = T ). The two ap-

proaches can be implemented in various ways.

Correction Approach: Using the Walsh index (2), the series of Laspeyres indices (1) can

be revised by the following retrospective price index formula:

P 0�t =
(
P 0�t

L

)
·
(
P 0�T

W

P 0�T
L

)λt

, t = 0 . . . ,T . (7)

For t = 0, we have λ0 = 0. Therefore, the correction factor (P 0�T
W /P 0�T

L )λt is equal to 1

(that is, no correction), and the retrospective price index formula gives P 0�0 = P 0�0
L = 1.

As time progresses towards period t = T , λt increases from 0 to 1, the correction factor

reaches its maximum deviation from 1, and the retrospective price index gradually

turns into the Walsh index: P 0�T = P 0�T
W .

Instead of the Walsh index, other symmetric price index formulas could be used to

define the correction factor. For example, von Auer and Shumskikh (2022b) apply the

Törnqvist index (3). Using the Fisher index (4), gives

P 0�t =
(
P 0�t

L

)(P 0�T
P

P 0�T
L

)λt/2

, t = 0 . . . ,T , (8)

and, therefore, P 0�0 = 1 and P 0�T = P 0�T
F . The same two values are generated by a ret-

rospective price index formula that is proposed in de Haan et al. (2010). They replace

in the correction factor of formula (8) the Laspeyres index, P 0�T
L , by the chained index

P 0�t
L P t�T

P .

Instead of the multiplicative correction of the Laspeyres index, P 0�t
L , applied in (7),

one could use an additive one:

P 0�t =
(
P 0�t

L

)
+λt

(
P 0�T

W − P 0�T
L

)
, t = 0 . . . ,T . (9)
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Again, one obtains P 0�0 = 1 and P 0�T = P 0�T
W .

Imputation Approach: When the Walsh index (2) is applied, the unknown quantities, xti
(t = 1, . . . ,T − 1), must be substituted by imputed values, x̂ti . If we assume that the rate

of change of xti is constant between periods 0 and T , the imputed values are given by

the weighted geometric average

x̂ti =
(
x0
i

)1−λt
(
xTi

)λt
, (10)

and we obtain P 0�0 = 1 and P 0�T = P 0�T
W . Alternatively, other symmetric price indices

can be used. Furthermore, the imputed values, x̂ti , can be obtained from a weighted

arithmetic average:

x̂ti = (1−λt)x
0
i +λtx

T
i . (11)

The same options are available, if the missing values of the expenditures, vti , or the

expenditure shares, sti , have to be imputed.

An early application of the imputation approach can be found in de Haan et al.

(2010). They propose to use the Törnqvist index (3) or the Fisher index (4) and to

impute the unknown expenditure shares, sti (t = 1, . . . ,T − 1), by ŝti = (1−λt)s
0
i +λts

T
i .

In this section we have presented two different construction principles for a ret-

rospective price index, the correction approach and the imputation approach. For

both approaches, a large set of symmetric price indices is available. In the correction

approach, a multiplicative or an additive form of correction can be applied. In the

imputation approach, the imputed values can be obtained from weighted arithmetic

or geometric averages. Since λT = 1, the index number relating to the comparison pe-

riod t = T (the second expenditure reference period) is independent from the choice

between the correction and the imputation approach.

Both, the correction approach and the imputation approach have intuitive appeal.

The correction approach appears somewhat less intrusive than the imputation ap-

proach. Therefore, in the following section, we demonstrate how the correction ap-

proach can be implemented in the German CPI. On the other hand, the imputation

approach allows for an additive decomposition of the overall price change. This prop-

erty is useful in various ways. For example, it helps to identify those groups of items
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that cause the upward substitution bias of the Laspeyres index. This identification is

a prerequisite for reducing the bias already from the outset. Therefore, in Section 1.5

the imputation approach is applied to identify the critical items in the German CPI.

1.4 Retrospective Correction of the German CPI

Destatis (shortened form of “Statistisches Bundesamt”) compiles proper Laspeyres in-

dices. The most recent price and expenditure reference period of Destatis is the year

2015. The previous ones were the years 2010, 2005, and so on. For example, the

Laspeyres index of the comparison period January 2000 was published in February

2000 and used the year 1995 as price and expenditure reference period. The same

price and expenditure reference period was used for the subsequent months.

raw

official

replicated

retrospective
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Figure 1: German consumer price index (January 2000 = 100) for January 2000 to
December 2014.

When in 2003 the expenditures of the year 2000 became available, Destatis recal-

culated the index numbers of the comparison periods starting in January 2000. The

revised Laspeyres indices use the year 2000 as the price and expenditure reference pe-

riod. These index calculations were continued until in 2008 the expenditure weights
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of the year 2005 became available. This new information prompted a retrospective

revision of the Laspeyres index numbers starting in January 2005. Analogous retro-

spective revisions occurred in 2013 when the expenditures of the year 2010 became

available.

In total, these compilations generate a sequence of three consecutive time series

of monthly Laspeyres indices, each covering a five-year period. These three series

are chained, such that a consistent time series starting in January 2000 is obtained.

The details of the official CPI compilation procedure are documented in Appendix A.

The official source is Statistisches Bundesamt (2018, pp. 6-7, 15-19).3 The official

time series of monthly price levels is depicted in Figure 1 (dark gray line labeled as

“official”).

We cannot use the official time series as a benchmark because we do not have access

to the same data set. Using the data set available to us, we replicate the compilation

procedure of Destatis. The resulting time series will serve as a benchmark for the time

series derived from the retrospective index formula. The benchmark time series is de-

picted in Figure 1 by the black dotted line labeled as “replicated”. The differences

between the officially published Laspeyres CPI index and our replicated Laspeyres

index are hardly visible. In the final comparison period (December 2014), the devia-

tion between the official and the replicated index number are merely 0.14 percentage

points. This is a remarkable result because the information accessible for our research

purposes is not as granular as the information processed by Destatis. In the accessi-

ble data set, the consumption basket is decomposed into 102 classes of products (third

level of Classification of Individual Consumption according to Purpose, COICOP). The

original decomposition of Destatis is much finer and some of the original classes are

missing in the accessible data set.

Now, if Destatis had ruled out retrospective revisions, in 2003 it would have con-

tinued with the old price and expenditure reference period (1995) until January 2005,

the month scheduled for the introduction of regular methodological modifications and

other updates of the index. Thus, this would have been the time to switch from the old

3Additional descriptions are provided by Egner (2003), Elbel and Egner (2008), Egner (2013), and
Egner (2019).
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(1995) to the new (2000) price and expenditure reference period. Subsequently, an

analogous changeover would have been conducted in January 2010.

Based on the data set available to us, we simulate this non-revisionary compilation

procedure. The details are documented in Appendix A. In Figure 1, the black line

labeled as “raw” depicts the resulting time series of unrevised monthly price levels. It

covers the time interval January 2000 to December 2014 (the index numbers of earlier

months would require the expenditure information of the year 1990 which we do not

have). This time series is obtained from Laspeyres index numbers based on weights

that are outdated by five to ten years. As a result, it is prone to substantial upward

substitution bias.

The comparison of the two time series “raw” and “replicated” reveals that the ret-

rospective revisions of Destatis successfully curbed the long-run upward substitution

bias. Did these revisions even eliminate the bias? To answer this question, a time series

of index numbers is required that can be considered as free of long-run substitution

bias.

Therefore, we compile a time series of retrospective Walsh indices and compare

it to the time series of replicated Laspeyres indices. The Walsh-based series applies

the correction approach. The comparison between the Laspeyres- and Walsh-based

series gives us clues about the existence and the extent of the remaining distortion in

the long-run time series of the official CPI. The retrospective Walsh index numbers

of the time interval 2015 to 2020 would require the expenditure weights of the year

2020. These will become available not before 2023. Therefore, we decided to restrict

the analysis to the interval January 2000 to December 2014. The formal details of the

compilation procedure of the retrospective Walsh index are explained in Appendix B.

The result of this procedure is the light gray line in Figure 1 labeled as “retrospec-

tive”. The graph confirms the theoretical predictions. The retrospective Walsh index

runs below the replicated Laspeyres index, indicating that the official index still suffers

from upward substitution bias. The deviation accumulates over time and in December

2014 it reaches almost 1.5 percentage points. This deviation represents only the dis-

tortion that can be attributed to the upper level aggregation, that is, the aggregation

of the 102 classes into the overall CPI. Since the subclasses at the lower level aggre-

gation exhibit a larger substitutability than the classes at the upper level aggregation,
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it is quite likely that the actual upward bias is larger than the 1.5 percentage points

observed here.

1.5 Decomposition of the Bias

It would be valuable to know which groups of items are responsible for the upward

substitution bias of the Laspeyres index. Usually the CPI is formed by major expendi-

ture categories where each category comprises several items. More formally, the set of

items, A, can be partitioned into the subsets Ak where k ∈ K and K is the set of (major

expenditure) categories.

We know from formulas (1) and (6) that both, the Laspeyres index and the Walsh

index can be expressed in the additive form

P =
∑
i∈A

zi
pTi
p0
i

, (12)

where pTi /p
0
i is the price ratio of item i and, therefore, the primary attribute of the index

and zi is the secondary attribute. It can be interpreted as the weight of the primary

attribute. In this section, we drop the superscript “0�T” at the index P . Since
∑

i∈A =∑
k∈K

∑
i∈Ak

, index formula (12) can also be written in the form

P =
∑
k∈K

ZkPk , (13)

where Pk =
∑

i∈Ak
(zi/Zk)(pTi /(p

0
i ) is the price index computed for category k and Zk =∑

i∈Ak
zi is the weight of category k, with

zi = zi,L = s0
i (Laspeyres index) (14)

zi = zi,W =

√
s0
i s

T
i

(
pTi /p

0
i

)−1

∑√
s0
j s

T
j

(
pTj /p

0
j

)−1
(Walsh index) . (15)

Equations (12) and (13) imply that the same index number is obtained, regardless of

whether the index is computed in a single stage over all items in set A or in two stages,

where, on the first stage, for each subset Ak the price index Pk and the aggregated

weight Zk are computed and, on the second stage, these values are used to compute
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the overall result P . In that second stage, the same index formula is used as in the

first stage and the single stage computation. Zk and Pk simply replace zi and pti /p
0
i ,

respectively. Therefore, von Auer and Wengenroth (2021) denote the Laspeyres and

the Walsh index as consistent in aggregation with respect to the secondary attributes (14)

and (15), respectively. The authors also show that all other indices listed in Section 1.2

of the present study are consistent in aggregation with respect to some appropriately

defined secondary attribute (e.g., Törnqvist index, Fisher index).

Usually, the property of consistency in aggregation would be used to decompose

the overall price change into the contributions of the individual categories. However,

this property also allows for the decomposition of the deviation between two different

index formulas into the contributions of the individual categories. Since we interpret

the deviation between the Laspeyres index and the Walsh index as the upward substi-

tution bias of the Laspeyres index, we obtain a decomposition of that bias.

The categories’ Zk-values can be considered as the weight of the category in the

overall index computation. Definitions (14) and (15) imply that the notation must

distinguish between the Zk-values of the Laspeyres index, Zk,L =
∑

i∈Ak
zi,L, and the Zk-

values of the Walsh index, Zk,W =
∑

i∈Ak
zi,W. Noting that

∑
k∈K Zk,L =

∑
k∈K Zk,W = 1 and

that the Laspeyres index and Walsh index are consistent in aggregation, we propose the

following decomposition of the overall bias:

PL − PW =
∑
k∈K

[
Zk,L

(
Pk,L − 1

)
−Zk,W

(
Pk,W − 1

)]
, (16)

where

Pk,L =
∑
i∈Ak

zi,L
pTi
p0
i

and Pk,W =
∑
i∈Ak

zi,W
pTi
p0
i

.

1.6 Decomposition of the Bias in the German CPI

The German CPI is formed by twelve major expenditure categories, K = [1, . . . ,12].

The names of these twelve categories are listed in the first column of Table 1. The

decomposition (16) allows us to examine whether the bias in the Laspeyres index is

concentrated in only a few of these categories. We start with the comparison period

December 2014 (t = 12/14) and the price reference period January 2010 (t = 1/10).

In the notation, we drop the superscript “1/10�12/14” at the price index. For the
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retrospective computation of the Walsh index, the imputation approach is applied.

The computational details are described in Appendix C. The same type of analysis is

repeated for the time intervals January 2000 to December 2004 as well as January 2005

to December 2009.

Table 1: Laspeyres index numbers and Walsh index numbers for December 2014 (Pk,L
and Pk,W; January 2010 = 100), weights (Zk,L and Zk,W; in percent), and contributions
to the bias of the twelve major expenditure categories of the German CPI.

Laspeyres Walsh Contrib.
Expenditure Category Pk,L Zk,L Pk,W Zk,W to Bias

Food, non-alcoholic beverages 111.87 10.45 111.74 10.09 0.056
Alcoholic beverages, tobacco 111.78 3.81 111.70 3.78 0.007
Clothing, footwear 109.89 4.49 109.84 4.51 0.000
Housing, water, electricity, gas, other
fuels

109.04 32.28 108.88 31.92 0.085

Furniture, other household equipment 102.83 5.06 102.80 5.24 −0.003
Health 102.58 4.52 101.61 4.80 0.039
Transport 105.91 13.71 105.78 13.65 0.021
Communication 90.67 3.06 90.04 3.19 0.032
Recreation, entertainment, culture 110.88 11.69 109.36 11.61 0.186
Education 70.29 0.40 70.29 0.37 −0.008
Restaurant, accommodation services 109.62 4.54 109.63 4.66 −0.012
Miscellaneous goods and services 105.42 5.97 105.13 6.17 0.007

Total (Jan. 2010 - Dec. 2014) 107.75 100.00 107.34 100.00 0.410

The bottom line of Table 1 shows the all-items index numbers for the price ref-

erence period January 2010 and the comparison period December 2014. The all-

items Laspeyres index (1) gives the number PL = 107.75, whereas the retrospectively

computed Walsh index yields PW = 107.34. Thus, the upward bias of the all-items

Laspeyres index is 0.410. The index numbers of each category are also listed in Ta-

ble 1. The last column decomposes the all-items bias (0.410) into the contributions

of the twelve individual categories. To this end, we use the decomposition approach

presented in formula (16), where

Pk,L =
∑
i∈A

s10
i

p12/14
i

p1/10
i

and Pk,W =
∑
i∈A

√
s10
i s15

i

(
p15
i /p10

i

)−1

∑√
s10
j s15

j

(
p15
j /p10

j

)−1

p12/14
i

p1/10
i
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Zk,L =
∑
i∈Ak

s10
i and Zk,W =

∑
i∈Ak

√
s10
i s15

i

(
p15
i /p10

i

)−1

∑√
s10
j s15

j

(
p15
j /p10

j

)−1
.

For example, the contribution of the category “Education” is negative (−0.008),

even though the price indices of that category are identical (P10,L = P10,W = 70.29).

The negative contribution says that the category “Education” reduces the upward bias

inherent in the overall Laspeyres index. The cause of that reduction is the difference in

the weights. In the Laspeyres index, the price decline receives the weight Z10,L = 0.40,

while in the Walsh index the weight is only Z10,W-im = 0.37. The category “Educa-

tion” reveals that a comparison of the Laspeyres index and Walsh index of some given

category is not sufficient to evaluate that category’s contribution to the overall bias.

Also the weights must be considered. Besides “Education”, two other categories miti-

gate the bias. The strongest positive contribution to the bias comes from the category

“Recreation, entertainment and culture”.

The decomposition of the bias can be conducted also for the intervals January 2000

to December 2004 as well as January 2005 to December 2009. The results are docu-

mented in Appendix D. The overall bias for January 2000 to December 2004 and for

January 2005 to December 2009 are 0.683 and 0.573, respectively. Looking over all

three time intervals, one can say that roughly half of the bias can be attributed to the

category “Recreation, entertainment, culture”. For the compilers of the German CPI,

this is a valuable insight. It may prompt a closer inspection of the computational pro-

cedures applied in this category. Even though the category “Housing, water, electricity,

gas, other fuels” has by far the highest weight, its contribution to the bias is small. The

contributions of the categories “Clothing, footwear”, “Education”, “Restaurant, acco-

modation services”, and “Miscellaneous goods and services” are negligible.

1.7 Concluding Remarks

The expenditure information for the weighting of a national Consumer Price Index

(CPI) is usually outdated by 13 to 60 months. The longer this implementation lag, the

larger the risk of upward substitution bias in the CPI. The national statistical offices

(NSOs) have addressed this issue in different ways. To keep the implementation lag
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short, some NSOs collect and process the expenditure information every year. Some

NSOs allow for retrospective revisions of their headline CPI or some supplementary

CPI. However, even such revisions may not completely solve the problem.

The German CPI is a case in point. Without any retrospective revision, the long-run

upward substitution bias during the time interval January 2000 and December 2014

would have amounted to almost 0.22 percentage points per year. The official retrospec-

tive revisions of the German CPI reduced that yearly bias to 0.09 percentage points.

This is a conservative estimate, since it does not include the upward bias attributable

to the lower level of aggregation.

This study has introduced a procedure that can effectively address the source of

the bias without requiring any additional information. This procedure replaces the

Laspeyres or Laspeyres type index (typically a Lowe or a Young index) by a retro-

spective price index. Such a retrospective price index can be computed in different

ways. Here we discussed the correction approach and the imputation approach and

presented various options for implementing these approaches. Both approaches rely

on some symmetric price index formula. Suitable candidates include the Walsh, Törn-

qvist, Fisher, Sato-Vartia, or Marshall-Edgeworth index.

The imputation approach allows for a decomposition of the bias into the contribu-

tions of individual groups of items. It was shown that half of the bias in the German

CPI can be attributed to a single group of items even though the expenditure share of

that group is below 12 percent.

The proposed revision process is not only adoptable to most national CPIs, but also

to other price level measures such as the producer price index or the import and export

price indices.

Appendix A

First, this appendix describes the compilation process of the officially revised and pub-

lished German CPI. The resulting index numbers were depicted in Figure 1 by the dark

gray line labeled as “official” and the index numbers derived by the replication of that

process by the dotted black line labeled as “replicated”. Only afterwards, the compila-
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tion process that abstains from any retrospective revisions is presented. The resulting

index numbers were represented in Figure 1 by the black line labeled as “raw”.

When in 2003 the yearly expenditure weights of the year 2000 become available,

Destatis calculates a series of monthly Laspeyres CPIs. The price and expenditure

reference period of this series is the complete year 2000 (not January 2000!) and the

first comparison period is January 2000:

P 00�t
L =

N∑
i=1

s00
i

pti
p00
i

, t = 1/00 , 2/00 , . . . , (17)

where s00
i = v00

i /
∑N

j=1 v
00
j is the expenditure share of item i in 2000, with v00

i = p00
i x00

i

denoting total expenditure on item i during the year 2000, x00
i being the item’s total

consumed quantity, and p00
i representing the item’s average price.

Destatis compiles the yearly expenditure weights for every fifth year. When the

expenditure information of the year 2005 becomes available, Destatis compiles a time

series of Laspeyres indices with the year 2005 serving as price and expenditure refer-

ence period:

P 05�t
L =

N∑
i=1

s05
i

pti
p05
i

, t = 1/05 , 2/05 , . . . . (18)

The same procedure is applied when the expenditure weights of the year 2010 become

available.

How are the three time series merged into one consistent time series of monthly

price levels covering the interval January 2000 to December 2014? Consider the two

time series compiled by formulas (17) and (18). Because in the year 2005 the expendi-

ture weights of the expenditure reference period 2000 are outdated, the index number

P 00�1/05
L and all subsequent index numbers produced by formula (17) are likely to suf-

fer from considerable substitution bias. Therefore, as soon as the expenditure shares

of the year 2005 become available, Destatis replaces them by results obtained from

formula (18).

Obviously, simple chaining of P 00�1/05
L and P 05�t

L is not feasible because the com-

parison period of the first index differs from the price reference period of the second

index. Therefore, chaining requires an additional chain link that compares the price

level of the year 2005 to the price level of January 2005. To this end, Destatis uses a
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simple Paasche index with the year 2005 as comparison period and January 2005 as

price reference period:

P 1/05�05
P =

 N∑
i=1

s05
i

 p05
i

p1/05
i

−1
−1

=
1

P 05�1/05
L

. (19)

Therefore, the chain index is

P̃ 00�t = P 00�1/05
L · P 1/05�05

P · P 05�t
L .

Applying this chaining principle to the comparison period January 2005 and exploit-

ing the second equality of (19), yields

P̃ 00�1/05 = P 00�1/05
L · P 1/05�05

P · P 05�1/05
L = P 00�1/05

L .

This coincidence between the Laspeyres index P 00�1/05
L and the chain index P̃ 00�1/05

confirms that the index numbers before and after January 2005 are consistently con-

nected.

Once the expenditure weights of the year 2010 become available to Destatis, the

new Laspeyres index numbers (that is, P 10�1/05
L , P 10�2/05

L , . . .) must be linked to the index

number P̃ 00�1/10. This is achieved by the same approach as before:

P̃ 00�t = P̃ 00�1/10 · P 1/10�10
P · P 10�t

L .

In sum, Destatis calculates the long-run time series for the time interval January

2000 to December 2014 in the following way:

t = 1/00 , . . . , 1/05 : P̃ 00�t = P 00�t
L , (20)

t = 1/05 , . . . , 1/10 : P̃ 00�t = P̃ 00�1/05 · P 1/05�05
P · P 05�t

L , (21)

t = 1/10 , . . . , 12/14 : P̃ 00�t = P̃ 00�1/10 · P 1/10�10
P · P 10�t

L . (22)

Expression (20) defines an index that covers a time span of 61 months (a five-year

period plus the first month of the following five-year period). The same applies to

expression (21), while expression (22), being the last five-year period, covers only 60
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months. For the replication of the official CPI numbers of Destatis the same system of

formulas is used.

Now, to estimate the price trend that would arise if no retrospective revisions were

admissible (depicted in Figure 1 by the black line labeled as “raw”), the expenditure

reference period precedes the price reference period by five years. Therefore, the sys-

tem of equations (20) to (22) must be slightly adjusted:

t = 1/00 , . . . , 1/05 : P̃ 00�t = P̃ 00�1/00 · P 1/00�95
P · P 95�t

L , (23)

t = 1/05 , . . . , 1/10 : P̃ 00�t = P̃ 00�1/05 · P 1/05�00
P · P 00�t

L ,

t = 1/10 , . . . , 12/14 : P̃ 00�t = P̃ 00�1/10 · P 1/10�05
P · P 05�t

L ,

where P̃ 00�1/00 = P 95�1/00
L /[(1/12)

∑12
r=1 P

95�r/00
L ]. Therefore, formula (23) simplifies to

P̃ 00�t = P 95�t
L /[(1/12)

∑12
r=1 P

95�r/00
L ].

Appendix B

In Section 1.4, the correction approach is applied to compute the long-run time se-

ries of retrospective Walsh indices. The expenditure reference periods are not single

months but complete years. Therefore, the weighting parameter λt in formula (28)

must be modified. Instead of λt = t/T , one has to set λt = 0 for the first twelve months

of the five-year period. These twelve months are indexed by m = 1, . . . ,12. For the sub-

sequent months of that five-year period up to and including the first month of the next

five-year period (m = 13, . . . ,61), the value of λt is defined by λt = (m− 12)
/
(61− 12) =

(m − 12)/49. For example, consider the first five-year period (2000-2005). January to

December 2000 (t = 1/00, . . . ,12/00) give m = 1, . . . ,12 and λ1/00 = λ2/00 = . . . = λ12/00 =

0. In January 2001 (t = 1/01) one gets m = 13 and λ1/01 = 1/49. Finally, in January 2005

(t = 1/05) the values are m = 61 and λ1/05 = 49/49 = 1.

The long-run time series of retrospective Walsh indices uses this weighting param-

eter, λt, and a modified version of the system of formulas (20) to (22). In this modified

system, the Laspeyres indices P 00�t
L , P 05�t

L , and P 10�t
L are replaced by the retrospective
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Walsh indices P 00�t
W-co, P 05�t

W-co, and P 10�t
W-co, where “co” stands for “correction approach”. The

index P 00�t
W-co is defined by

P 00�t
W-co =

(
P 00�t

L

)
·
 P 00�05

W

P 00�1/05
L P 1/05�05

P

λt

, t = 1/00, . . . ,1/05 ,

with

P 00�05
W =

∑ √
s00
i s05

i

(
p05
i /p00

i

)−1

∑√
s00
j s05

j

(
p05
j /p00

j

)−1

p05
i

p00
i

.

For t = 1/05, this index gives λ1/05 = 1 and P 00�1/05
W-co = P 00�05

W /P 1/05�05
P . The indices P 05�t

W-co

and P 10�t
W-co are defined analogously.

Then, the system for the time series of retrospective Walsh indices can be written

in the following form:

t = 1/00 , ... , 1/05 : P̃ 00�t
W-co = P 00�t

W-co , (24)

t = 1/05 , ... , 1/10 : P̃ 00�t
W-co = P̃ 00�1/05

W-co · P 1/05�05
P · P 05�t

W-co = P 00�05
W · P 05�t

W-co , (25)

t = 1/10 , ... , 12/14 : P̃ 00�t
W-co = P̃ 00�1/10

W-co · P 1/05�05
P · P 10�t

W-co = P 00�05
W · P 05�10

W · P 10�t
W-co . (26)

This system of formulas is consistent in the sense that, for January 2005 (t = 1/05),

formulas (24) and (25) generate the same index number and, for January 2010 (t =

1/10), formulas (25) and (26) generate the same index number.

Appendix C

In Section 1.6, the imputation approach is applied to compute a series of retrospective

Walsh indices with the price reference period January 2010 (t = 1/10) and comparison

periods that begin in January 2010 and end in December 2014. For this purpose, the

Walsh formula (5) is generalized in the following way:

P 1/10�t
W-im =

∑ (
v10
i

)1−λt
(
v15
i (p10

i /p15
i )

)λt

∑(
v10
j

)1−λt
(
v15
j (p10

j /p15
j )

)λt

pti
p1/10
i

, (27)

where “im” stands for “imputation approach” and λt is defined as in P 1/10�t
W-co . Since the

accessible data set contains the expenditure shares s10
i and s15

i instead of the expendi-
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tures v10
i and v15

i , the numerator and denominator of the first quotient in formula (27)

is divided by the factor
[(∑

v10
j

)(1−λt) (∑
v15
j

)λt
]
. As a result,

P 1/10�t
W-im =

∑ (
s10
i

)1−λt
(
s15
i (p10

i /p15
i )

)λt

∑(
s10
j

)1−λt
(
s15
j (p10

j /p15
j )

)λt

pti
p1/10
i

. (28)

The retrospective Walsh indices P 1/00�t
W-im and P 1/05�t

W-im are defined analogously.

Appendix D

Table 2: Laspeyres index numbers and Walsh index numbers for December 2004 (Pk,L
and Pk,W; January 2000 = 100), weights (Zk,L and Zk,W; in percent), and contributions
to the bias of the twelve major expenditure categories of the German CPI.

Laspeyres Walsh Contrib.
Expenditure Category Pk,L Zk,L Pk,W Zk,W to Bias

Food, non-alcoholic beverages 104.46 10.5 104.37 10.68 0.001
Alcoholic beverages, tobacco 127.82 3.73 126.76 3.55 0.088
Clothing, footwear 99.96 5.58 99.92 5.47 0.002
Housing, water, electricity, gas, other
fuels

108.99 30.74 109.06 30.83 −0.030

Furniture, other household equipment 101.87 6.96 101.79 6.47 0.014
Health 124.02 3.60 123.52 3.58 0.024
Transport 110.72 14.08 110.52 13.53 0.086
Communication 85.33 2.56 84.81 3.19 0.109
Recreation, entertainment, culture 106.29 11.26 102.88 11.86 0.366
Education 120.75 0.17 120.75 0.18 −0.001
Restaurant, accommodation services 113.5 4.73 113.75 4.47 0.024
Miscellaneous goods and services 107.77 6.09 107.65 6.19 0.000

Total (Jan. 2000 - Dec. 2004) 108.25 100.00 107.57 100.00 0.683
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Table 3: Laspeyres index numbers and Walsh index numbers for December 2009 (Pk,L
and Pk,W; January 2005 = 100), weights (Zk,L and Zk,W; in percent), and contributions
to the bias of the twelve major expenditure categories of the German CPI.

Laspeyres Walsh Contrib.
Expenditure Category Pk,L Zk,L Pk,W Zk,W to Bias

Food, non-alcoholic beverages 110.3 10.54 110.28 10.43 0.014
Alcoholic beverages, tobacco 114.3 3.96 114.07 3.80 0.032
Clothing, footwear 105.63 4.97 105.63 4.80 0.009
Housing, water, electricity, gas, other
fuels

110.37 31.34 110.16 31.59 0.041

Furniture, other household equipment 104.37 5.69 104.23 5.45 0.018
Health 104.90 4.10 104.78 4.38 −0.008
Transport 113.47 13.42 113.54 13.26 0.013
Communication 87.99 3.15 86.69 3.50 0.087
Recreation, entertainment, culture 106.25 11.77 103.67 12.06 0.293
Education 227.00 0.20 227.00 0.20 0.010
Restaurant, accommodation services 114.73 4.48 114.21 4.40 0.034
Miscellaneous goods and services 109.12 6.38 108.99 6.14 0.030

Total (Jan. 2005 - Dec. 2009) 109.30 100.00 108.72 100.00 0.573
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2 Substitution Bias in the Measurement of Import and

Export Price Indices: Causes and Correction4

2.1 Introduction

Besides the consumer price index and the producer price index, the national statistical

offices (NSOs) usually publish a monthly or quarterly export price index and import

price index. The latter two indices are used in the indexation of various types of inter-

national contracts and they are also required in the national accounts as deflators of

nominal values of exports and imports. These are necessary to derive volume estimates

of GDP by the expenditure approach. In the assessment of an economy’s inflationary

trends, special attention is paid to the import price index, because it is considered as an

early indicator of increasing or weakening inflationary pressure. Correspondingly, the

export price index is an early indicator of the inflationary pressure in the destination

countries of the exports.

The terms of trade index of an economy is usually defined as the ratio of the econ-

omy’s export price index and import price index. Changes in the terms of trade trans-

late into changes of the real income of the economy’s population.

Bias in the measurement of the import and export indices could weaken the reli-

ability of economic statistics used for public and private economic decision making.

Therefore, the “Export and Import Price Index Manual” published by the IMF (2009)

provides recommendations for the measurement of the export and import price in-

dices. In practice, the NSOs must also ensure a cost efficient and timely publication of

the newest index numbers. Therefore, most NSOs rely on some type of Laspeyres in-

dex, although these indices are suspected of (upper-level) substitution bias (e.g., Dridi

and Zieschang, 2004, p. 169; IMF, 2009, pp. 413-439). In chained Laspeyres type

indices the substitution bias would accumulate over time.

Therefore, the central contribution of the present paper is a fully worked out retroac-

tive correction approach that, with some delay, provides more reliable index numbers

than those produced by a chained Laspeyres type index. Our correction approach pro-

duces meaningful long-run time series of import and export prices and, therefore, of

4We gratefully acknowledge the extremely helpful advice of two anonymous referees. The present
paper was published in the Journal of Official Statistics: See please von Auer and Shumskikh (2022b)
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the terms of trade. The approach is simple and transparent. It can be applied not only

to an import or export price index, but also to a consumer or producer price index.

The first pillar of our correction approach is a retroactively computed price index

that compares the prices of the two latest expenditure reference periods, that is, the

two latest periods for which detailed information about the relative importance of the

various products is available. Because of its symmetric treatment of the two expen-

diture reference periods, we use the Törnqvist formula, though other index formulas

that treat the two periods in a symmetric fashion would be equally appropriate (e.g.,

Walsh, Marshall-Edgeworth, Fisher index). Chaining consecutive Törnqvist indices in-

stead of Laspeyres indices removes the long-run substitution bias. However, it does not

correct the index numbers of the periods between the expenditure reference periods.

To revise also these index numbers, we construct from the ratio of the Laspeyres and

Törnqvist index a correction factor the impact of which gradually increases between

the two expenditure reference periods. This correction factor is the second pillar of

our approach.

The second contribution of the present paper is an empirical case study that not

only estimates a lower bound of the long-run substitution bias in officially published

import and export price indices, but also demonstrates how the correction approach

can be implemented to mitigate both the short-run bias arising between the expen-

diture reference periods and the long-run bias. We have opted for the trade data of

the Federal Statistical Office of Germany (Statistisches Bundesamt, usually referred

to as Destatis). These data are publicly available, they comprise price data collected

from producers and wholesalers (instead of the less reliable unit values compiled from

customs sources), and the official compilation procedure of Destatis is documented in

accessible publications (Statistisches Bundesamt, 2019, pp. 6-7).

Theoretically, if the substitution bias in the export and import price indices was of

equal magnitude, the terms of trade index would remain unbiased. However, we show

that there is hardly any substitution bias in the German export price index, while the

upward substitution bias in the German import price index is substantial.

The explanation of this finding is the third contribution of this paper. Our analysis

reveals that the difference between the bias in the export and import price index is
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mostly driven by the volatility of the prices of oil and gas and by the fluctuations in

the exchange rates.

Our findings are relevant not only for Destatis, but for all NSOs that use infre-

quently chained Laspeyres type indices for their measurement of import and export

prices. Without an appropriate retroactive correction of these indices, the substitution

bias in the officially published index numbers accumulates over time.

The paper proceeds as follows. Section 2.2 presents in stylized form the interpre-

tation and official computation of the import and export price indices. Section 2.3

explains why they are likely to be biased. Furthermore, a retroactive correction ap-

proach is introduced. Its application to the German foreign trade data is presented in

Section 2.4. Section 2.5 concludes.

2.2 Calculation of the Terms of Trade

Suppose that during a reference period t = 0 a country imports only one single good i

and exports only one other good j. Let p0
i be the euro price of the imported good and

z0
j the euro price of the exported good. Then, the terms of trade of the reference period

(ToT0) are defined by the ratio of these two prices: ToT0 = z0
j /p

0
i . Correspondingly, the

terms of trade of some comparison period t = 1 are ToT1 = z1
j /p

1
i . The change in the

terms of trade between the reference and the comparison period can be expressed by

the following ratio:

ToT1

ToT0 =
z1
j /p

1
i

z0
j /p

0
i

=
z1
j /z

0
j

p1
i /p

0
i

. (29)

The right-hand side equality is the change in the export price in relation to the change

in the import price.

In the case of many goods, average price changes can be measured by price index

formulas. Applying the Laspeyres formula, the change in the export prices is given by

E0�1
L =

∑N
j=1 z

1
j x

0
j∑N

j=1 z
0
j x

0
j

, (30)

where x0
j is the quantity of good j exported during the reference period and N is the

number of exported goods. The subscript “L” stands for “Laspeyres” and the super-
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script “0�1” indicates that the index measures the average price change between the

reference period 0 and the comparison period 1. Analogously, the price index of the

import prices is

I0�1
L =

∑M
i=1p

1
i m

0
i∑M

i=1p
0
i m

0
i

, (31)

where m0
i is the quantity of good i imported during the reference period and M is the

number of imported goods.

The change in the terms of trade between the reference and the comparison period

is derived from the quotient of the price indices (30) and (31):

ToT0�1 =
ToT1

ToT0 =
E0�1

L

I0�1
L

. (32)

This ratio is the terms of trade index. It can be interpreted as a generalisation of the

right-hand side equality of Equation (29) to the case of many goods. Even though

ToT0�1 defined by (32) measures “the change in the terms of trade between the refer-

ence and the comparison period”, it is conventionally denoted as “the terms of trade of

the comparison period”. We follow this convention.

The terms of trade index (32) can also be written in the form that corresponds to

the left-hand side equality in Equation (29):

ToT0�1 =

(∑N
j=1 z

1
j x

0
j

)/(∑M
i=1p

1
i m

0
i

)(∑N
j=1 z

0
j x

0
j

)/(∑M
i=1p

0
i m

0
i

) . (33)

Interpreting the exported quantities of the reference period, (x0
1, . . . ,x

0
N ), as the “ref-

erence period export basket” and the imported quantities of the reference period,

(m0
i , . . . ,m

0
M), as the “reference period import basket”, the denominator of Equation

(33) measures the purchasing power of a reference period export basket measured

in units of reference period import baskets. The numerator indicates the purchasing

power of the reference period export basket during the comparison period. Again,

this purchasing power is measured in units of reference period import baskets. There-

fore, the terms of trade index (33) indicates the change in the purchasing power of the

reference period export basket, measured in units of reference period import baskets.
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Figure 2: Terms of Trade of the G7 countries (1995 = 100) from 1995 to 2018.

Figure 2 shows the officially published terms of trade of the G7-countries from 1995

to 2018 (OECD, 2021).5 The Canadian terms of trade are largely driven by the price

of oil and gas. The terms of trade of all other G7-countries are negatively correlated

with the Canadian ones. Between 2000 and 2007, there was a strong devaluation of

the Japanese yen against the euro, though not against the dollar. Despite the yen’s sub-

sequent appreciation until 2012, the Japanese terms of trade remained at their lower

level.

The terms of trade depicted in Figure 2 are derived from the ratio of the price index

of export prices and the price index of import prices. The next section explains why

such indices may exhibit substitution bias and how the problem can be mitigated.

2.3 Retrospective Correction of Substitution Bias

Bias in the terms of trade arises, when the export price index, EL, or the import price

index, IL, or both price indices are distorted – provided that the two distortions do not

5The statistical methodologies of the NSOs of the G7-countries (Canada, France, Germany, Italy,
Japan, UK, and US) are described in Statistics Canada (2019), INSEE (2019), Peter (2009, 2014, 2019),
Statistisches Bundesamt (2004), Istat (2019), Bank of Japan (2019), ONS (2017), and Bureau of Labor
Statistics (2018a,b, 2020).
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cancel. Of course, such distortions can occur already during data collection and pro-

cessing. These problems are well known and extensively discussed in IMF (2009, pp.

287-297). Therefore, it is assumed here that the available price and quantity data are

accurate and that the only remaining source of bias is the choice of the index formula.

In IMF (2009, pp. 413-439) it is argued that imports and exports can be viewed

from a resident’s perspective or a non-resident’s perspective. For each perspective,

economic theory makes predictions about the direction of the measurement bias aris-

ing from the Laspeyres index formula.

When the resident’s perspective is applied, the import quantities and prices col-

lected by NSOs reflect the residents’ cost minimizing consumer behavior (including

firms purchasing their inputs). The consumer side increases the purchases of products

that become relatively less expensive and they reduce the purchases of products that

become relatively more expensive. This consumer behavior would result in a nega-

tive correlation between intertemporal price and quantity changes and, therefore, in

upward substitution bias of the Laspeyres index.

Furthermore, the observed export quantities and prices reflect the revenue max-

imization of the residents’ producer side. This side increases the output of prod-

ucts that become relatively more expensive and they reduce the output of products

that become relatively less expensive. Therefore, the intertemporal price and quantity

changes are positively correlated. In a Laspeyres index, this would lead to downward

substitution bias.

In sum, in the resident’s perspective the numerator in the terms of trade index (32)

would understate the average change in export prices, while the denominator would

overstate the average change in import prices. Therefore, the measured terms of trade

would exhibit downward bias.

When a non-resident’s perspective were applied, the direction of the bias would be

reversed. However, most NSOs use the resident’s perspective.

These considerations are conjectures that are based on economic theory. An em-

pirical examination of these conjectures requires a measurement approach that can be

expected to produce unbiased index numbers. A deviation between these unbiased

index numbers and the Laspeyres numbers is an indication of the direction and extent

of the actual substitution bias of the Laspeyres index.
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The derivation of such unbiased index numbers starts with the Laspeyres index

(31). It is often expressed in the following equivalent form:

I0�1
L =

M∑
i=1

s0
i

p1
i

p0
i

, (34)

with

s0
i =

p0
i m

0
i∑M

j=1p
0
jm

0
j

.

Therefore, the Laspeyres index can be interpreted as a weighted arithmetic mean of

price ratios where the weights are the expenditure shares of the reference period.

The Laspeyres index is not the only index formula that is prone to substitution bias.

The Paasche index,

I0�1
Pa =

∑M
i=1p

1
i m

1
i∑M

i=1p
0
i m

1
i

=

 M∑
i=1

s1
i

(
p1
i

p0
i

)−1
−1

, (35)

has a similar problem, though its substitution bias would point in the opposite direc-

tion. The right-hand side of (35) expresses the Paasche index as the weighted harmonic

mean of the price ratios where the weights are the expenditure shares of the compari-

son period.

A large number of price indices avoid the substitution bias of the Laspeyres in-

dex. Examples are the Walsh, Marshall-Edgeworth, Fisher and Törnqvist index. These

index formulas utilize not only the set of reference period quantities or the set of com-

parison period quantities, but both sets of quantities. Usually, these four formulas

generate very similar index numbers. Therefore, we confine our analysis to the Törn-

qvist index. It is defined by

I0�1
Tö = exp

 M∑
i=1

1
2

(
s0
i + s1

i

)
ln

(
p1
i

p0
i

) . (36)

The compilation of this price index requires not only the expenditures p0
i m

0
i and

the price ratios p1
i /p

0
i , but also the expenditures p1

i m
1
i . However, the collection and

compilation of the latter expenditures is a labor intensive process that would signifi-

cantly delay the publication of the indices (IMF, 2009, p. 58). Therefore, NSOs do not

have the capacity to timely calculate and publish the results of such an index formula.
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Nevertheless, the IMF (2009, p. 56) points out that a retroactive revision of the

index numbers would be feasible when the requisite data on updated expenditure

weights become available. The method presented here retroactively applies the up-

dated expenditure weights to gradually transform the Laspeyres indices to Törnqvist

indices, thus addressing the substitution bias with a historical revision.

For example, suppose that in January 2010 (shorthand notation 1/10) a survey was

conducted providing us with the import expenditure weights for that month, s1/10
i .

Therefore, this month is our first expenditure reference period. For February 2010 (2/10)

and all subsequent months we calculate a monthly Laspeyres import price index that

measures the average price change between the price reference (and first expenditure

reference) period January 2010 and some comparison period t:

I1/10�t
L =

M∑
i=1

s1/10
i

pti
p1/10
i

, t = 1/10 , 2/10 , . . . . (37)

For the comparison period t = 1/10, this index yields I1/10�1/10
L = 1, that is, the refer-

ence price level of the index series is Jan. 2010 = 1. Therefore, January 2010 is not only

the price and weight reference period, but also the index reference period.

Suppose that January 2015 is the next expenditure reference period, but that the

expenditure weights relating to that month become available only in July 2018. There-

fore, January 2010 remains the price (and index) reference period also for the Laspeyres

indices compiled between January 2015 and July 2018. In July 2018, when the expen-

diture weights of January 2015 become available, we can conduct a retroactive revision

of past index numbers. We propose to conduct this revision in three stages. The first

and second stage revise the index numbers of January 2015 to July 2018, while the

third stage revises the index numbers of January 2010 to December 2014. The three

stages yield a consistent time series of price levels that stretches from January 2010 to

July 2018. It can be easily continued without harming its consistency.
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Stage 1: We begin the revision by computing a new series of Laspeyres index numbers

for January 2015 to July 2018. This new series uses as price, expenditure and index

reference period January 2015 instead of January 2010:

I1/15�t
L =

M∑
i=1

s1/15
i

pti
p1/15
i

, t = 1/15 , 2/15 , . . . , 7/18 . (38)

This new series of Laspeyres index numbers can be expected to exhibit considerably

less substitution bias than the original series, because the quantity information is more

up to date (January 2015 instead of January 2010). However, some substitution bias

remains, because we still apply the Laspeyres index formula. Only when the results

of the next expenditure reference period will become available, this bias can be ad-

dressed.

Stage 2: To rebase the new series to the index reference period January 2010, advo-

cates of the Laspeyres index would multiply the index numbers compiled by (38) by

the Laspeyres index I1/10�1/15
L . However, we know that this Laspeyres index exhibits

substantial substitution bias. Therefore, we recommend to apply the Törnqvist index

(36) instead:

I1/10�1/15
Tö = exp

 M∑
i=1

1
2

(
s1/10
i + s1/15

i

)
ln

p1/15
i

p1/10
i


 . (39)

In view of the upward substitution bias of the original Laspeyres index, we expect that

I1/10�1/15
Tö < I1/10�1/15

La . The rebased series is obtained from

I1/10�t = I1/10�1/15
Tö · I1/15�t

L , t = 1/15 , 2/15 , . . . , 7/18 . (40)

Therefore, I1/10�1/15 = I1/10�1/15
Tö . The rebased series of price index numbers relates

each of the price levels between January 2015 and July 2018 to Jan. 2010 = 1. Overall,

we expect a significant downward revision of the original price levels compiled by (37).

The first two stages of revision affect only the time series of import price levels

from January 2015 to July 2018. The price levels of the previous months have not yet

been revised. Quite likely, the original price level of December 2014, I1/10�12/14
L , is

larger than the downwards revised price level of January 2015, I1/10�1/15
Tö . To obtain a

consistent time series stretching from January 2010 to July 2018, the price level of the
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index reference period January 2010 should remain at 1, but the price levels of Febru-

ary 2010 to December 2014 must be revised. This is the third and most challenging

stage of the retroactive revision.

Stage 3: In the course of Stage 2, we replaced the Laspeyres index I1/10�1/15
L by the

Törnqvist index I1/10�1/15
Tö . Obviously, we cannot make the same replacement for the

previous months (t = 2/10 to t = 12/14), because the quantities of these months are

unknown. Quantity information is available only for the two expenditure reference

periods January 2010 and January 2015. However, we can utilize in our retroactive

revision of these earlier index numbers the ratio
(
I1/10�1/15
Tö

/
I1/10�1/15
L

)
as a correction

factor:

I1/10�t = I1/10�t
L ·

I1/10�1/15
Tö

I1/10�1/15
L

λt

, t = 1/10 , 2/10 , . . . , 1/15 . (41)

The parameter λt represents the impact that we concede to the correction factor. For

the comparison period t = 1/15, the correction factor should exert its full impact

(λ1/15 = 1) such that formula (41) yields I1/10�1/15 = I1/10�1/15
Tö . However, for the initial

months (t = 2/10, 3/10, . . .) the situation is different. During these comparison periods,

the import basket of month t = 1/10 is far less outdated than in month t = 1/15 and,

therefore, the substitution bias of I1/10�2/10
L , say, tends to be much smaller than that

of I1/10�1/15
L . Accordingly, during the initial months, the impact λt should be smaller

than 1. In fact, for the comparison period t = 1/10, the correction factor should have no

impact (λ1/10 = 0). Otherwise, we would get I1/10�1/10 , 1. As the comparison period

t moves away from the price reference period 1/10, the impact λt should gradually

increase above 0 until, in t = 1/15, it finally reaches its maximum value 1.

For a formal definition of the impact λt we introduce the counter variable s. In the

first month, t = 1/10, this integer has the value s = 1, in month t = 2/10 the value s = 2,

and so on. In month t = 1/15 the counter reaches its maximum value s = 61. Denoting

this maximum value by S, we can define the impact λt by

λt =
s − 1
S − 1

. (42)

Formulas (41) and (42) yield the desired series of revised price index numbers for

the months January 2010 to January 2015. Combining this series with the revised index

38



numbers that were compiled during Stages 1 and 2 of the revision process, yields a

consistent series of revised index numbers stretching from January 2010 to July 2018.

It is consistent in the sense, that, for month t = 1/15, formulas (40) and (41) yield the

same index number, namely I1/10�1/15
Tö .

Formulas (41) and (42) are not the only conceivable method for Stage 3 of the re-

vision process. Some alternative options are explored in von Auer and Shumskikh

(2022a).6

2.4 Application to German Foreign Trade Data

Different NSOs apply different compilation methods for their export and import price

indices. Our correction approach is adaptable to a wide range of such methods. To

verify this claim and to get an impression of the magnitude of the bias inherent in

official compilation procedures, we adapt our approach to the method and the trade

data of Destatis, the Federal Statistical Office of Germany.

An important difference between the calculation outlined in Section 2.2 and the

method of Destatis is the choice of the period lengths. In Section 2.2, all periods had

a uniform length, namely one month. By contrast, the price, expenditure and index

reference periods of Destatis are years, while the comparison periods are months. The

resulting complications arising in the Destatis method are described in the Appendix

E. There we also demonstrate how our correction approach can be adapted to these

complications.

For January 1995 to May 2019, we have monthly price levels of 30 categories of

German imports and 28 categories of German exports. In addition, we know the cate-

gories’ expenditure weights for the years 1995, 2000, 2005, 2010 and 2015.

As documented in Pötzsch (2004) and Peter (2009, 2014, 2019), the officially pub-

lished long-run import price index of Destatis (Statistisches Bundesamt, 2019, pp. 8-9)

incorporates Stage 1 of our revision process but not Stages 2 and 3. For example, in

September 2018 Destatis published the index numbers for the comparison months

t = 1/10 to t = 7/18. They were compiled by the Laspeyres index with expenditure and

6Instead of a correction factor, these alternative options would replace the Laspeyres index I1/10�1/15
L

by a modified version of the Fisher, Marshall-Edgeworth, Törnqvist, or Walsh index, or some other index
formula that incorporates the quantities of both, the price reference and the comparison period (e.g.,
Theil index).
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index reference year 2010, I2010�t
L . However, the index numbers for the comparison

months t = 1/15 to t = 7/18 were only preliminary. As soon as the survey results of the

year 2015 became available, Destatis replaced these index numbers by revised index

numbers that were compiled by the Laspeyres index with price, expenditure and index

reference year 2015, I2015�t
L (Peter, 2019, p. 37). This revision is equivalent to Stage 1

of our three-stage revision process outlined in Section 2.3.

Our first task is to replicate the compilation process of Destatis and to compile a

consistent time series of price levels relating to the index reference year 1995. The

replicated index is denoted by I95�t
repl . Following the exposition in the Appendix E, we

use the following formulas:

t = 1/95, ... ,1/00 : I95�t
repl = I95�t

L

t = 1/00, ... ,1/05 : I95�t
repl = I95�1/00

repl · I1/00�00
Pa · I00�t

L

t = 1/05, ... ,1/10 : I95�t
repl = I95�1/05

repl · I1/05�05
Pa · I05�t

L

t = 1/10, ... ,1/15 : I95�t
repl = I95�1/10

repl · I1/10�10
Pa · I10�t

L

t = 1/15, ... ,5/19 : I95�t
repl = I95�1/15

repl · I1/15�15
Pa · I15�t

L .

Our results are depicted in Figure 37 and compared to the (rebased) official import

price index published by Destatis. Even though our data only relate to rather broad

categories and do not include all subcategories of the official import price index of

Destatis, our replicated import price index (labelled as “repl”), is very close to the

official one (labelled as “official”).

Our second task is to apply our correction approach and to compute the revised

import price index, I95�t
rev . Since the replicated index includes Stage 1 of the correction

approach, any deviations between the revised index I95�t
rev and the replicated index I95�t

repl

can be attributed to Stages 2 and 3.

7Calculations based on data of database “Genesis” of Destatis (Statistisches Bundesamt, 2021)
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Figure 3: German import price index (1995 = 100) for January 1995 to May 2019.

Our compilations follow the process outlined in the Appendix E:

t = 1/95, ... ,1/00 : I95�t
rev = I95�t

L ·
 I95�00

Tö

I95�1/00
L · I1/00�00

Pa

λt

t = 1/00, ... ,1/05 : I95�t
rev = I95�00

Tö · I00�t
L ·

 I00�05
Tö

I00�1/05
L · I1/05�05

Pa

λt

t = 1/05, ... ,1/10 : I95�t
rev = I95�00

Tö · I00�05
Tö · I05�t

L ·
 I05�10

Tö

I05�1/10
L · I1/10�10

Pa

λt

t = 1/10, ... ,1/15 : I95�t
rev = I95�00

Tö · I00�05
Tö · I05�10

Tö · I10�t
L ·

 I10�15
Tö

I10�1/15
L · I1/15�15

Pa

λt

t = 1/15, ... ,5/19 : I95�t
rev = I95�00

Tö · I00�05
Tö · I05�10

Tö · I10�15
Tö · I15�t

L ,

with

λt =

 0 for s = 1,2, . . . ,12
s − 12

61− 12 for s = 13,14, . . . ,60 .

In month t = 1/95, the value of the counter s is equal to 1. In the subsequent months

it increases until in month t = 12/99 it reaches the value 60. In the following month,

t = 1/00, the value of s is reset to 1. The same reset happens in months 1/05 and 1/10.
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Price changes within an expenditure reference year (s = 1,2, . . . ,12) are not revised

(λt = 0).

The formulas generate the revised import price index I95�t
rev depicted in Figure 3

(labelled as “rev”). The index deviates from the replicated index I95�t
repl (“repl”) and,

therefore, from the official index of Destatis (“official”). The deviation increases over

time and, in 2019, reaches more than five percentage points. This value can be consid-

ered as a lower bound of the accumulated (upper-level) long-run substitution bias in

the official price index.

This reinforces the case for a revision that does not stop at Stage 1, but includes also

Stages 2 and 3. Only this comprehensive revision can avoid the accumulating long-

run substitution bias inherent in chained Laspeyres indices. The revision requires no

additional data. It exclusively draws on information that is used in the original price

index compilation.

To this point, we were exclusively concerned with the import price index. If the

export price index exhibited the same bias, the terms of trade index (ratio of the export

price index and import price index) would remain unbiased. Unfortunately, such a

compensatory effect is unlikely. The reason is illustrated in the upper part of Figure

4.8 It shows the export and import price indices of Germany as compiled by Destatis.

Both indices are normalized to Jan. 1980 = 100.

The export price index rises very evenly, while the import price index rises much

more erratically.9 In the following, we explain why a more erratic index is more vul-

nerable to substitution bias. The line of reasoning starts with an empirical observation.

Our data reveal that for a given pair of consecutive months the change in the import

index (measured in percent where the sign is eliminated) is positively correlated with

the coefficient of variation of the intertemporal price relatives of the 30 categories of

German imports. For the time span for which we have price data on the 30 import

categories (January 1995 to May 2019), the (Pearson) correlation coefficient is almost

0.54.

8Calculations are based on the data from Statistisches Bundesamt (2021), Deutsche Bundesbank
(2021) and World Bank (2021).

9Also in France, Italy, and Japan the import price index is much more volatile than the export price
index.
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1.0

Figure 4: German export and import price indices (Jan. 1980 = 100), real oil prices
(Brent oil, in dollars of 1980) and exchange rate (e/$) for January 1980 to May 2019.

From the work of Bortkiewicz (1923, pp. 374-376) we know that the relative di-

vergence between the Laspeyres and Paasche index depends on three factors: the coef-

ficient of variation of the intertemporal quantity relatives, the coefficient of variation

of the intertemporal price relatives, and the coefficient of linear correlation between

the price and quantity relatives. Thus, for a given correlation, the divergence between

the Laspeyres and Paasche index tends to increase with the volatility of the prices

and quantities. An increasing Paasche-Laspeyres spread translates into an increasing

Törnqvist-Laspeyres spread, because the Törnqvist index closely approximates the ge-

ometric average of the Laspeyres and Paasche index (known as the Fisher index).

Since the Törnqvist-Laspeyres spread is interpreted as an indication of substitution

bias, the previous considerations can be condensed to a simple conjecture: The larger

the volatility of a Laspeyres index, the larger the risk of substitution bias. Therefore,

the rather steadily evolving export price index is less likely to suffer from substitution

bias than the much more volatile import price index.

To verify this conjecture, we first replicate the official export price index of Destatis,

E95�t
repl , then compile the retroactively revised export price index, E95�t

rev , and finally com-

43



pare the difference of the two indices to the difference that we computed in the context

of the import price index. We follow the same procedures that we used for the import

price index. The results are depicted in Figure 5.10
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Figure 5: German export price index (1995 = 100) from January 1995 to May 2019.

We find our claim confirmed. The revision is smaller than in the import price index,

indicating that also the accumulated long-run substitution bias in the official export

price index is smaller. The direction of the bias is upwards, hinting at a negative

correlation between price and quantity changes. This negative correlation is more in

line with the behavior of purchasers than with the behavior of producers or sellers. In

other words, our empirical findings related to the German export prices corresponds

to the non-resident’s perspective of economic theory (IMF, 2009, pp. 414).

The preceding results have important implications for the German terms of trade

index, that is, for the ratio of the export and import price index. Since the export

price index exhibits only a minor upward bias, the substantial upward bias in the

import price index translates into a substantial downward bias in the German terms

of trade index. This is depicted in Figure 6.11 The terms of trade index compiled from

10Calculations are based on data of database “Genesis” of Destatis (Statistisches Bundesamt, 2021).
11Calculations are based on data of database “Genesis” of Destatis (Statistisches Bundesamt, 2021).
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the revised indices, E95�t
rev and I95�t

rev , deviates from the terms of trade index compiled

from the replicated indices, E95�t
repl and I95�t

repl . The deviation suggests that in 2019 the

accumulated bias in the official terms of trade reaches roughly four percentage points.

repl
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Figure 6: German terms of trade (1995 = 100) from January 1995 to May 2019.

The bias in the terms of trade can be attributed to the difference in the volatility

of the import and export price index. What causes the difference in volatility? Until

the introduction of the euro in January 1999, German imports had to be converted

into Deutsche Mark before they entered the import price index. As a consequence, the

German import price index depended not only on the price changes in the countries of

origin, but also on the exchange rate of the Deutsche Mark against the foreign curren-

cies, most importantly against the dollar. Therefore, until December 1998 we expect a

strong positive correlation between the import price index and the nominal exchange

rate in price notation, that is the price of one dollar.

Figure 4 confirms this expectation. The gray line in the lower part of the graph

(reference is the right axis) shows the euro-dollar exchange rate in price notation, that

is, the price of one dollar expressed in euros (or in units of 1.95583 Deutsche Mark

before 1999). Between January 1980 and December 1998, the correlation coefficient
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between the first differences of the import price index and the first differences of the

exchange rate is almost 0.74.

Since January 1999 parts of the imports and exports are invoiced in euro.12 This

is likely to dampen the impact of the foreign exchange rate on the import price index.

Figure 4 also confirms this second conjecture. For the time interval January 1999 to

May 2019, the correlation between the first differences of the import price index and

the first differences of the exchange rate is below 0.26. This indicates that also other

factors must be responsible for the larger volatility of the import prices as compared

to the export prices.

Obvious suspects are the prices of oil and gas. These two products represent almost

ten percent of the German imports as compared to an export share of less than one

percent (Peter, 2019, pp. 39-40). The black line in the lower part of Figure 4 depicts

the evolution of the real oil prices (reference is the left axis). The strong volatility of

the real oil prices and their positive correlation with the import price index are clearly

visible. The correlation coefficient of the first differences of the import index and the

first differences of the real oil price for the time interval January 1999 to May 2019 is

almost 0.72 (before 1999 it is below 0.29).

2.5 Concluding Remarks

For a given pair of months, the extent of the substitution bias of Laspeyres type indices

is positively correlated with the variation of the intertemporal price relatives, the vari-

ation of the intertemporal quantity relatives, and the linear correlation between the

two. Chaining of such distorted indices leads to accumulated bias. In most countries,

the official import and export price indices are compiled as chained Laspeyres type

indices. Therefore, these indices are likely to suffer from substitution bias.

In the present study, we examined this conjecture. In a case study of the German

trade statistics we compiled a lower bound for (upper-level) substitution bias in the

German import price index and export price index. For the time interval January 1995

to May 2019 the accumulated upward substitution bias of the import price index is

12Eurostat (2017) shows that in 2016 almost 50 percent of German imports from non-EU countries
are invoiced in euro, while almost 60 percent of the exports in non-EU countries are invoiced in euro.
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more than five percent, while the upward bias of the export price index is slightly

above one percent.

Furthermore, we demonstrated that the accumulating substitution bias can be eas-

ily avoided by a three-stage retroactive revision process. This process requires no addi-

tional data and is adaptable to the specific index compilation procedures of the various

national statistical offices.

The longer the intervals between the surveys providing the quantity data of the

import and export price indices, the larger the expected substitution bias. Several

countries rely on five-year-intervals (e.g., Canada, Germany, Italy, Japan, UK). Such

countries are most likely to benefit from the implementation of a retroactive revision

process. However, also in countries with shorter intervals (e.g., France, US) the pro-

posed revision process may help to improve the reliability of the published long-run

indices.

In countries like France, Germany, Italy and Japan the import price index is con-

siderably more volatile than the export price index. For Germany, we showed that a

larger volatility of the index translates into a larger variation of the price and quantity

relatives and this results in a larger substitution bias. In other words, the substitution

bias of the import price index is likely to exceed the bias of the export price index. As

a consequence, also the terms of trade index should be biased. Our empirical analysis

confirmed this conjecture for the German case.

What causes the difference in the volatility of the import and export prices? One

likely reason are the strong fluctuations in the prices of oil and gas. These two prod-

ucts are all but absent from the exports of France, Germany, Italy and Japan, but they

represent a substantial share of these countries’ imports. In some cases, exchange rate

fluctuations may also play a role (e.g., Germany before the introduction of the euro).

Our retroactive correction approach can also be applied to other important areas of

price measurement such as the consumer price index or the producer price index.

Appendix E: Retroactive Correction in Practice

In this appendix we describe how our three-stage revision process can be applied to the

trade statistics of Destatis. The monthly import and export price indices of Destatis
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are compiled in two variants. One is based on price data collected from exporting

producers and wholesale traders, while the other is compiled from customs sources.

Gehle (2013, p. 932) and Lippe and Mehrhoff (2010) show that the two variants gen-

erate different results. Following the general recommendation of the IMF (2009, p.

xiv), we study the variant based on price data. Until December 2004 we had to excerpt

the price levels from printed publications of Destatis (Statistisches Bundesamt, 2004).

Later price levels we could retrieve from the online data base “Genesis” provided by

Destatis.13 In addition, we could compute from the online data base the categories’

expenditure weights for the years 1995, 2000, 2005, 2010 and 2015.

We begin with the monthly German import price index from January 2010 until

July 2018. The official compilation method of Destatis (a monthly Laspeyres index)

is sketched out in Statistisches Bundesamt (2019, pp. 6-7). Destatis knows the yearly

expenditure weights of the year 2010 (shorthand notation: 10). Therefore, the price,

expenditure and index reference period is not a month, but the year 2010, that is,

2010 = 1. The corresponding Laspeyres index is

I10�t
L =

M∑
i=1

s̄10
i

pti
p̄10
i

, t = 1/10 , 2/10 , . . . , 7/18 , (43)

with

s̄10
i =

p̄10
i m̄10

i∑M
j=1 p̄

10
j m̄10

j

,

where p̄10
i denotes the average euro price of good i in 2010 and m̄10

i denotes the total

imported quantity of good i in 2010. Therefore, s̄10
i is the import share of good i in

2010.

In July 2018, the expenditure weights of the year 2015 become available. Therefore,

Destatis revises the Laspeyres indices calculated for January 2015 to July 2018. The

revised series uses the year 2015 as price, expenditure and index reference period:

I15�t
L =

M∑
i=1

s̄15
i

pti
p̄15
i

, t = 1/15 , 2/15 , . . . , 7/18 . (44)

13Genesis database (Available at: https://www-genesis.destatis.de/genesis/online (accessed June
2021)).
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This new series must be connected to the index numbers computed by the Laspeyres

index (43). Direct chaining does not work here, because the comparison period of

the Laspeyres index (43) is a month (for chaining it would be January 2015, that is,

t = 1/15), while the index reference period of the Laspeyres index (44) is the year

2015. Therefore, Destatis introduces the following Paasche index that binds the price

level of January 2015 to the price level of the year 2015:

I1/15�15
Pa =

∑M
i=1 p̄

15
i m̄15

i∑M
j=1p

1/15
j m̄15

j

=

 M∑
i=1

s̄15
i

 p̄15
i

p1/15
i

−1
−1

=
1

I15�1/15
L

. (45)

This Paasche index is more convenient than the Laspeyres index I1/15�15
L , because the

Paasche index requires the readily available expenditure weights of the year 2015,

while the Laspeyres index would require the unknown expenditure weights of January

2015.

Based on the three formulas (43), (44) and (45), Destatis calculates a consistent

series of monthly index numbers covering the time span January 2010 to July 2018.

To this end, Destatis multiplies the price index numbers of January 2010 to Decem-

ber 2014 compiled by formula (43) by the so-called “Verkettungsfaktor” [I10�1/15
L ·

I1/15�15
Pa ]−1 (e.g., Statistisches Bundesamt, 2017, p. 6; Statistisches Bundesamt, 2019,

p. 6). Note that the first factor of the “Verkettungsfaktor” is index (43) with compari-

son period t = 1/15 and the second factor is index (45). The Verkettungsfaktor is the

reciprocal of the price change between the years 2010 and 2015. The index numbers of

January 2015 to July 2018 are directly computed by formula (44). The index reference

period of the resulting series is the year 2015, that is, 2015 = 1.

To rebase this series to the index reference year 2010, we multiply the whole series

by [I10�1/15
L · I1/15�15

Pa ], that is, by the inverse of the “Verkettungsfaktor”. As a result, the

index numbers of January 2010 to December 2014 are compiled by formula (43), while

the index numbers of January 2015 to July 2018 are compiled by:

I10�t = I10�1/15
L · I1/15�15

Pa · I15�t
L , t = 1/15 , 2/15 , . . . ,7/18 . (46)

For the comparison month t = 1/15, the Laspeyres index (43) and formula (46) give

I10�1/15
L – see the last equality in (45). Therefore, formulas (43) and (46) generate a
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consistent time series with the reference price level 2010 = 1. This series differs from

the official time series only by a constant factor, namely the “Verkettungsfaktor”.

Formula (43) is a Laspeyres index and, therefore, prone to upward substitution

bias. Formula (46) is a chain index comprising two upwardly biased Laspeyres indices

and a Paasche index. The Paasche index is prone to downward bias. However, the bias

is probably much smaller than the combined upward bias of the two Laspeyres indices,

because the time distance between January 2015 and the full year 2015 (Paasche index)

is much smaller than that between the year 2010 and January 2015 or later months

(Laspeyres indices). Therefore, not only formula (43), but also formula (46) is likely to

exhibit severe upward bias (this was empirically confirmed in Section 2.4).

When the expenditure weights of the year 2015 have become available to Destatis,

it is possible to reduce the substitution bias. To this end, we conduct the retroac-

tive three-stage revision process outlined in Section 2.3. To adapt this process to the

methodology of Destatis, only one modification is necessary. It relates to the denomi-

nator of the correction factor in Stage 3.

Stage 1: Using formula (44), a new series of Laspeyres indices for January 2015 to July

2018 can be compiled. This part of the revision process is already implemented in the

official index compilations of Destatis.

Stage 2: To rebase the new series of Laspeyres index numbers compiled in Stage 1 to

the price level 2010 = 1, we compute the following Törnqvist index:

I10�15
Tö = exp

 M∑
i=1

1
2

(
s̄10
i + s̄15

i

)
ln

(
p̄15
i

p̄10
i

) . (47)

Next, we replace in the chain index (46) the first two links by the Törnqvist index (47)

and obtain the following chain index:

I10�t = I10�15
Tö · I15�t

L , t = 1/15 , 2/15 , . . . , 7/18 . (48)

For January 2015 to July 2018, this chain index yields more reliable results than the

chain index (46).
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Stage 3: We want to revise the index numbers of January 2010 to December 2014

compiled by the Laspeyres index (43). The new series of index numbers must be con-

sistent with the revised index number of January 2015 compiled by the chain index

(48). Therefore, we multiply the Laspeyres index (43) by a correction factor that is

constructed in analogy to the correction factor in formula (41). The result is the fol-

lowing index formula:

I10�t = I10�t
L ·

 I10�15
Tö

I10�1/15
L · I1/15�15

Pa

λt

, t = 1/10, 2/10, ..., 12/14 , (49)

with

λt =

 0 for s = 1,2, . . . ,12
s − 12

61− 12 for s = 13,14, . . . ,61 .
(50)

For the twelve months of the year 2010 (s = 1,2, . . . ,12) the impact λt is 0. Therefore,

the correction factor has the value 1, that is, no correction of the Laspeyres index I10�t
L

occurs until December 2010. This is intended, because only the expenditure weights

of the year 2010 and not the expenditure weights of the year 2015 should be included

in the calculation of price changes within the year 2010. In January 2011 (s = 13)

the impact λt is equal to 1/49. The correction factor then deviates minimally from 1,

leading to a small correction of the Laspeyres index I10�1/11
L . As t increases, the counter

s and the impact λt also gradually increase. Only in January 2015, the counter s would

reach its maximum value 61 and, therefore, the impact λt its maximum value 1. In this

last month, formula (49) would simplify to

I10�1/15 =
I10�15
Tö

I1/15�15
Pa

which, in view of the last equality in (45), is identical to formula (48). Therefore, using

formula (49) for the comparison months January 2010 to December 2014, and using

formula (48) for all subsequent months, generates a consistent time series of price

levels.

Quite likely, in 2023 the expenditure weights for the year 2020 will become avail-

able. Since the expenditure weights of the year 2020 add no relevant information for
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measuring the price changes between 2010 and 2015, there is no need for a second

revision of the index numbers of January 2010 to December 2014.

The new import price index numbers of January 2020 and all subsequent months

(Stages 1 and 2) are compiled by the chain index

I10�t = I10�15
Tö · I15�20

Tö · I20�t
L , t = 1/20 , 2/20 , . . . . (51)

The revised import price index numbers of January 2015 to December 2019 (Stage 3)

are calculated by the chain index

I10�t = I10�15
Tö · I15�t

L ·
 I15�20

Tö

I15�1/20
L · I1/20�20

Pa

λt

, t = 1/15 , 2/15 , . . . , 12/19 ,

where the impact λt is defined as in (50) with s = 1 in January 2015. These compu-

tations generate a consistent time series of index numbers with the index reference

period 2010. The series covers the time interval from January 2010 to 2023 and be-

yond.

The compilation and revision of the export price index can be conducted in a per-

fectly analogous manner. The ratio of the revised export price index and import price

index of some month t yields the revised terms of trade index of that month.
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3 Economic Valuation of Free Digital Products 14

3.1 Introduction

Over the last two decades a key trend in the development of modern civilization is

the increasing role of information and communication technology (further - ICT). One

of the consequences of ICT development is the spread and expansion of free digital

products.

The number of active users of free digital products increases every year. For exam-

ple, the number of active monthly Facebook users worldwide nearly doubled in 2021

compared to 2016 (2.91 million versus 1.7 million).15 These trends pose new chal-

lenges for statisticians measuring the contribution of different goods and services to

the economy. The main difficulty here is to determine the monetary value and price

of the goods and services that can be consumed without monetary payment. There-

fore, the present paper addresses the measurement problems, arising in the economic

valuation of free digital products.

Such products have some particular characteristics (near-public goods, non-market

nature, heterogeneity, networking effect and shareability) that affect the methods used

for their economic valuation. We analyse the main existing methods of valuing free

digital products. Current research on the economic value of free digital products is

mostly based on the use of stated direct and/or indirect methods. We discuss and

compare these methods. A common drawback of these methods is their hypothetical

nature.

The present paper proposes and explores another possible option for determining

the economic value of free digital products in monetary terms, the so-called usage cost

model. It is based on realistically observed market behaviour of users. The necessary

theoretical framework is presented along with a discussion and analysis of its strength

and weaknesses.

The second part of the paper consists of an empirical part. A specific focus group in

Germany was interviewed. Based on free digital products such as Facebook, Instagram

14I would like to thank Prof. Dr. Ludwig von Auer for all his helpful comments.
15Facebook (2021).
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and WhatsApp, an empirical application is conducted. The results are analysed and

possible problems are discussed.

Overall, the purpose of this paper is to investigate the proposed model and test its

applicability for measuring the shadow price and value of free digital products.

The paper is structured as follows. Section 3.2 provides a definition of free digital

products and its peculiarities relevant for the research framework. Different theoret-

ical and empirical findings in the literature about the measurement of (free) digital

products are discussed in Section 3.3. Section 3.4 provides definitions of value, price

and cost. The relationship between them is also shown. Section 3.5 proposes and

analyses a novel UCM for evaluating the value of free digital products. An empirical

application of this theoretical model to a specific focus group in Germany is provided

in Section 3.6. Concluding remarks and some considerations for future research are

contained in Section 3.7.

3.2 Free Digital Products: Definition and Features

Digital products represent a relatively new phenomenon that has emerged through the

development of ICT and consequently the expansion of the digital economy. There are

many definitions of digital products or digital goods/services.16 According to Hui and

Chau (2002, p. 73), digital products “are any goods and services that can be digitized

(converted into a binary format)”.“Digital products are conceptualized as bit-based

objects distributed through electronic channels, i.e. via wired and wireless networks”

(Koiso-Kanttila, 2004, p. 46). We follow these two definitions in our paper.

There are also different classifications within digital products. Kling and Lamb

(1999, p. 18) distinguish between “highly digital goods and services, that are mostly

delivered digitally” and “mixed digital goods and services, which retail tangible goods”.

Most of the researchers also distinguish traditional goods and services from digital

ones. The following characteristics are usually used: physical form/intangibility, het-

erogeneity, inseparability and perishability (or IHIP framework) (Zeithaml et al. (1985,

16In our paper, as well as in many papers in the current literature (Micken et al., 2020, p. 100), the
definitions “digital products” and “digital goods/services” are used interchangeably. Other synonyms
are “digital content” and “digital offerings” (e.g. Shapiro and Varian (1998, pp. 23;93); Koiso-Kanttila
(2004, p. 46); Micken et al. (2020, p. 99)).
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p. 34); Koiso-Kanttila (2004, p. 47); Micken et al. (2020, p. 99 - 101)). Near-zero

marginal costs are another important peculiarity of digital products.

Some authors argue that digital products are fully intangible, i.e. it is not possi-

ble for the digital product to be physically touched. However, digital products can be

heard and/or viewed (Koiso-Kanttila, 2004, p. 46). Others also suggest that intangibil-

ity does not fully reflect the characteristics of digital products. Because tangible tools

and utilities are required to create, store, distribute and use digital products (Micken

et al., 2020, p. 99).

Heterogeneity usually means difference. In the case of digital products, one can-

not fully speak of heterogeneity, because they are mainly based on some standardized

computer code that can be easily reproduced and repeated (Micken et al., 2020, p.

99).17

The next property is inseparability, which means a simultaneous production and

consumption. This property is typical for traditional services. But not for digital prod-

ucts. Software or other digital product can be produced and used over different periods

of time.

Finally, perishability is a characteristic of traditional services, when it is impossible

to store or save the result obtained. New storage methods such as public or private

cloud storage offer the possibility of storing digital products infinitely.

Another classification of digital products are given by Hui and Chau (2002, pp. 74-

75). They subdivide digital products into three categories: tools and utilities, content-

based digital products, and online services. Tools and utilities are tend to accomplish

some specific goals of the users (e.g. online players, antivirus programs, or office pro-

grams). Content-based products provide the user with some information (e.g. elec-

tronic newspapers, research reports, databases, music or videos). Online services in-

clude web-sites or apps/software, which serve as providers of some service. The dif-

ference between the first and the last category is that by using online services users do

not purchase the product itself but use it to transfer or post some information.

Let us specify what free digital products are. They can be accessed and used with-

out any monetary payments. The above-mentioned classification of digital products

17However, in our opinion, this is true when looking at a digital product in terms of production/cost.
If we consider digital products from the customer’s point of view, then they, on the contrary, are very
heterogeneous. There are different product categories that cover different consumer needs.
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may also be applied to the case of free digital products. This classification is a clas-

sification in terms of product category. The first category, free tools and utilities, com-

prises different freeware that can be downloaded and used free of charge (e.g. Avira

- completely free antivirus program, Handbrake - the open source video transcoder

etc.). The second category is free content-based digital products. Social-media platforms

(Facebook, Instagram etc.), education/research (World Bank Databank, OECD Online

Library, Wikipedia etc.), entertainment (Spotify etc.) are examples of the second cate-

gory. WhatsApp or Skype can serve as examples of free online services.

The second useful dimension of the classification is in terms of economic characteris-

tics. Free digital products have the following economic characteristics:

• near-public goods or quasi-public goods. Pure public goods are normally charac-

terized by the two main features: non-rivalry and non-excludability. The former

means that the product can be consumed by all customers without diminishing

its value. The latter means that all people may use it without exclusion of an-

other person or group of people. Near-public goods have semi-non-rivarly and

semi-non-excludability features. On the one hand, free digital products satisfy

the characteristic of non-rivarly due to near zero marginal costs of its usage. All

free digital products may be used without any limit. However, if too many people

want to use a free digital product at the same time, there may be an overload such

that some users will not be able to access the product, and therefore competition

in consumption will arise. On the other hand, the feature of non-excludability

also applies. Users may use free digital products without any restriction. How-

ever, in order to access this free digital product one need to have a general ac-

cess to the Internet and this requires some payment. If this fee is too high for a

particular group of users, these users may not be able to use it. Moreover, it is

technically possible for the suppliers of the specific digital products to exclude

certain groups of people. But they have no incentive to do this.

• non-market nature. Demand for digital products is not directly observable as in

the case of traditional market products. There is no obvious market price for free

digital products. This is a characteristic they share with environmental goods.
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• quasi-heterogeneous nature.18 From a production/cost perspective (i.e. from a

supplier point of view), free digital products are quite homogeneous. All are

based on some standardised computer code and may be easily reproduced (Micken

et al., 2020, p. 99). From a consumer perspective, they show a high degree of het-

erogeneity and may be divided into a lot of subcategories. Consequently, their

economic value from the consumer’s point of view, may be measured in differ-

ent ways. For example, to measure the economic value of a free product such

as Handbrake, one may record the number of downloads and the time spent on

the software. While evaluating the use of social media platforms also requires

not only the time spent on these platforms, number of visits but also information

such as the value of personal data that users share with social media.

• networking effect and shareability of free digital products. Network effects are in-

herent in all digital products. The more they are accessed and used, the more

valuable they become for their users.19 Shareability (i.e. the capability of being

shared) is applicable more to free digital products (they create the ideal envi-

ronment for app/content to be distributed to users as much as possible). These

features of free digital products may influence the slope of the demand curve of

the access/usage of such products. It has been shown in the literature that the

presence of network effects20 in that products may lead to unconventional de-

mand curves, can be represented by an inverted U-shape (e.g. the case of digital

telecommunication goods, see Baraldi (2008), Rohlfs (1974)).

18In this paper, quasi-heterogeneous products mean that they have characteristics of both homoge-
neous and heterogeneous products.

19Buxmann (2002), Linde et al. (2012) conclude, that the more users use the product, the stronger
the network effects.

20The literature usually differentiates between direct and indirect network effects (Linde et al. (2012),
(Baraldi, 2008, p. 5). Direct network effects mean that the value of digital products increases the more
users use the product. Social-media platforms are typical ones, having this characteristic (Facebook,
Instagram). Indirect network effects mean that the value of a digital product increases as the number
of additional, complementary goods and services of that digital product increases. Typical examples
here are the telecommunications mobile network and the online messenger market (e.g. WhatsApp,
Viber, etc.). The more users have WhatsApp, the more users will have to buy a sim card with a phone
number to use WhatsApp and vice verse. Network effects are also called in the literature as “demand-
side economies of scale”. A detailed information about the nature and types of network effects in case
of digital products one may find in Linde et al. (2012).
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Based on these characteristics and features, many methods for assessing the economic

value of free digital products have been applied and compared. The main theoretical

and practical results are discussed in the next section.

3.3 Economic Valuation of Digital Products

3.3.1 Methods for Economic Valuation of Non-market Products

Various methods can be used for the monetary valuation of products for which there

is no clear market price. Some of these methods will be considered in this subsection.

The table 421 below gives a short overview and relationship between the two major

groups of the methods (direct/indirect and stated/revealed):

Table 4: Methods of valuing non-market goods/services.

Direct Indirect
Revealed Parallel private markets Hedonic pricing

Simulated markets Travel cost method
Stated Contingent valuation Conjoint analysis

Spend more-same-less sur-
vey questions

Choice modelling (discrete
choice experiments)
Experimental auctions of
accesing WTA/WTP cate-
gory

Discrete choice experiments are one of the possible methods to determine the con-

sumers willingness-to-accept (WTA) and willingness-to-pay (further - WTP). They are

also more often considered as methods to estimate the monetary value of non-market

products. In this paper, this group of methods is identified as the group of indirect

methods of economic valuation. Another group is called direct methods and includes

methods that allow a direct observation of the value of non-market products (e.g.

competitive market prices or contingent valuation method with open-ended format

of questions) (National Research Council, 2005, p. 101). The division into direct and

indirect methods is based on the nature of the data collected. Direct methods assume

that the economic assessment is based on a direct survey of potential customers/users

and their response, how they evaluate a particular product. Indirect methods consist of

21Own creation based on Sudman et al. (1989, p. 75).
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a mixture of survey data and other relevant variables/attributes for the assessment, as

well as only such variables (e.g. time spent accessing the product, time spent using the

product, other possible costs regarding the accessing/using the product).

The other classification which is used in the literature is the division of all valuation

methods of non-market products into stated and revealed preference methods (Sudman

et al. (1989), Freeman et al. (2003), Baker and Ruting (2014), OECD (2018), NZIER

(2018)). The stated preference technique investigates and determines the value of non-

market products by asking people directly how much they value a particular product

(Baker and Ruting, 2014, p. 24). Three main approaches here are contingent valuation

method, conjoint analysis, choice modelling (NZIER, 2018, p. 14). Revealed preference

technique investigates and determines the value of non-market products by analysing

the consumer behaviour associated with the use of the product (NZIER, 2018, p. 12).

This group of methods includes methods such as travel cost and hedonic pricing meth-

ods. An important difference between stated and revealed methods is the market type

that is used for research. In the case of the stated preference technique, the whole

process takes place in a simulated market: consumers answer some hypothetical ques-

tions. The revealed preference technique analyses actual market behaviour. All of

the above-mentioned methods are applied to the non-market products and originally

come from environmental economics. The popularity of these methods, however,

makes it possible to introduce them into other areas of the economy (e.g. healthcare,

transport and, more recently, the information economy and its digital products).

Contingent valuation method (further - CV) is a stated direct preference method that

is based on a survey or questionnaire of people’s responses to a hypothetical situation.

The idea was introduced by Ciriacy-Wantrup (1947). The first empirical application

of this method was made by Davis, R.K. (1963) in his dissertation (Smith (1997, p.

3); Richard T. Carson and W. Michael Hanemann (2005, p. 830)). CV usually asks

the respondents about the maximum amount of money they are able to pay for a non-

market product. The construction of the questions may differ. The following formats

are possible to use: open-ended type survey questions, bidding games, payment card,

single-bounded dichotomous choice formats and double-bounded dichotomous choice

formats (OECD, 2018, pp. 95-99). One of the main advantages of CV method is its flex-

ibility. Both existing and non-existing products can be assessed. Moreover, different
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kinds of values are possible to evaluate (use/non-use values). At the same time, the CV

method has many critics in the academic literature. The following biases are usually

mentioned (Meyerhoff, 1999, pp. 48-56):

• Hypothetical bias. This kind of bias reflects the hypothetical nature of surveys.

As a result, individuals more often as usual tend to overestimate their value of a

non-market product.

• Strategic bias arises if the respondent does not respond honestly and behaves

in accordance with a certain strategy in order to subsequently gain a product

advantage. A typical example of such behaviour is “free rider” problem.

• Payment vehicle bias means that the result may depend on the form/instrument

of the payment that is assigned from the beginning (e.g. taxes or donations).

• Starting point bias. The initial amount of money may strongly influence the final

result of the product evaluation.

• Part-whole-bias or Insensitivity to scope, which means that the respondents are

insensitive to the changes in the scope of the product to be valued. They are not

ready to pay more for more products. Their valuations do not vary significantly

with changes in the scope ((OECD, 2018, pp. 106-107)).

• Information influence or framing bias. The results of the survey depend on the

quality of information provided about the product. Information about product

characteristics, product substitutes or other relevant information that gives more

insight into the product has the potential to change the value of the product or

how respondents perceive its value.

To eliminate some of the biases, one may also apply some laboratory experiments in the

form of experimental auctions (iterated, second-price, sealed-bid auctions and group

consensus mechanisms (Gregory and Furby, 1987, p. 275)).

Conjoint analysis (further - CA) is an example of the indirect stated preference

methods. CA is based on the direct survey as CV method. The distinguishing feature

of the CA is that the respondents have the possibility to choose among the alternatives

with different characteristics and/or costs. Compared to the CV method, where the
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product is assessed as a whole, the CA method evaluates the product in terms of its

attributes or characteristics that compose the product and influence it. The value of

the product consists of the value of its components. Therefore, this method belongs to

indirect methods. Smith (1997, pp. 53-54) highlights two features that distinguish the

CA method from the CV methods. The first one is that a “specific reference situation

is given and often the adjustments are made to non-monetary components of each out-

come/scenario”. The second one is “how the indifference judgment is made to recover

measures of economic values”.

The next popular approach of the stated preference technique is the choice mod-

elling (further - CM). However, some researchers refer this method to the conjoint

analysis group (OECD, 2018, p. 15). The distinguishing feature of the CM is its multi-

attributiveness. The attributes of the product and costs related to it are described pre-

cisely. The most popular method inside the group of choice modelling group methods

is the discrete choice experiments (further - DCE). This is the method most commonly

used now to evaluate the value of free digital products.

CA and CM share with CV method the pros and cons. All methods are flexible and

able to estimate future changes as well as non-use values (OECD, 2018, p. 139). The

fragility of CA and CM lies precisely in the product attributes specified in the survey:

more detailed product information provides more reliable results and an estimated

value of WTP (Su et al., 2017). At the same time, the more complex the alternatives

among which respondents can choose, the more difficult it is for respondents to make

objective choices. In addition, not all potential product attributes may be included,

and this leads to the bias in the final results of the estimated WTP.22

Revealed preference methods describe not a hypothetical market but real people’s

behaviour and based on real market data. Hedonic pricing is one of the widely used

methods in this group. This method decomposes the product’s price into a number of

its attributes/characteristics that could potentially affect the final price of the product.

For example, Byrne et al. (2018) applies this method to the case of cloud computing.

The prices of cloud computing services of the largest providers as well as the char-

acteristics (the amount of memory, the amount of disk storage in GB etc) which may

22More strengths and weaknesses of each of the methods one may find in Sudman et al. (1989) and
OECD (2018).
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potentially influence these prices are collected and analysed. However, this method is

more difficult to apply for non-market products which do not have the market price.

In addition, it is difficult to find any traded product that could serve as a potential

replacement for a non-traded product and have a good explanatory power Gregory

and Furby (1987, p. 274). Other weaknesses of the hedonic pricing technique include

the difficulty of collecting reliable market data, difficulties in the determination of the

attributes of the product etc. (Sudman et al., 1989).

Travel cost method (further -TCM) is another example of the revealed preference

methods. This method measures the value of a non-market product by evaluating the

people’s visitation rate, including the time spent on visits and the costs associated with

using the product. TCM determines not only the value of the product from the con-

sumer’s point of view, but also the implicit price of a non-market product. This method

is primarily used for some recreational travel activities as well as cultural events. Infor-

mation on visits is usually collected through surveys. One of the main disadvantages

of TCM is that it estimates only the use value of the product and not the other types of

values, in particular a non-use value. Moreover, the inclusion of the time costs is also

a highly controversial variable and is the subject of ongoing discussion in the scien-

tific literature. Although the inclusion of time in the model is controversial, it is also

crucial for an adequate assessment of the value of the product, especially the digital

one. That is why this article also considers time costs variable as one of the variables

determining the value of free digital products.

3.3.2 A Review of the Results of Estimating the Economic Value of Free Digital

Products from the Literature

The digitalisation and rapid growth of various digital products have a major impact

on consumer behaviour and the economy as a whole. For the compilation of official

statistics, two major challenges arise: How to measure the contribution of digitalisa-

tion to gross domestic product (GDP) and how to compute the consumer price index,

which in turn measures inflation and is used to calculate real GDP. For a solution one

can use the micro-data of consumers. They allow for an evaluation of the welfare gains

consumers receive from the use of digital products. The first theoretical and empirical

investigations start from the estimating of the demand and value of the priced digital

62



goods and services for consumers, such as information technology hardware (Bryn-

jolfsson, 1996), broadband access to the Internet vs. cable (see e.g. Rappoport et al.

(2003), Goolsbee and Petrin (2004)). In particular, Brynjolfsson (1996, pp. 283-287)

identifies three possible methods of evaluating the value of the IT hardware. These

methods include the determination of consumer surplus derived from demand. Pric-

ing of data traffic, including other services, such as mobile, fixed-line and/or broad-

band data plans or cloud computing are also of interest for research (e.g. Zhang (2016),

Byrne et al. (2018)). The determination of the price, demand, and value of these priced

digital products (including also partially priced or so-called “freemium”23 products) is

usually based on certain standard economic (neoclassical model of pricing) and econo-

metric methods (tobit-logit model; hedonic regressions etc.).

Recently, however, research is predominantly concerned with free digital products.

Post (2009) is one of the pioneers to extend the neoclassical model of pricing to the

case of digital products, including also free digital products. An economic model for

pricing digital products is based on several assumptions: the goal of the firm is to

maximize its profit and the consumers tend to maximize their utility; very low or zero

marginal costs of producing digital products; uniqueness and heterogeneity of digital

products (Post, 2009, p. 1). Post (2009) defines that the final price of the digital prod-

uct depends on the price itself (it can be also negative or zero), advertisement fees and

marginal costs of production. Advertising is one of the dominant factors in determin-

ing the final price, the consumed amount and the demand curve for the product. The

revenue that producers receive from advertising is one of the easiest ways to estimate

the value of free digital products (Ahmad et al., 2017, p. 26). However, advertising

revenue alone does not show the full benefit of free digital products to consumers.

Other indicators must be included as well, such as the time spent using this product

(Brynjolfsson et al., 2020, p. 27) and/or the data that consumers disclose in order to

access various digital products (Ahmad et al., 2017, pp. 26-32).

Another way to assess the value of free digital products is to analyse the time usage

of these products. For this purpose, Brynjolfsson and Oh (2012) developed a model

for estimating the value of free digital services on the Internet with the inclusion of

23“Freemium” products are digital goods and services that at the beginning of their use must be
provided without subscription fees or payment, but have limited possibilities in comparison with the
premium version (Belleflamme, 2016, p. 8).
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a time variable.24 In the case of free digital products, the most important variable

determining its value will be time (“user attention”).

The other example of the economic approach to the determination of the price of

free digital products is to apply the standard index number theory, in conjunction with

Hicksian reservation price methodology (Brynjolfsson et al. (2020) and Diewert et al.

(2019)). The authors use this methodology25 to measure the consumer benefits of free

digital products. The same methodology they use also for completely new and/or new

free products. The final reservation price for free products is derived as “twice the

estimated compensation price from the choice experiment” (Brynjolfsson et al., 2020,

p. 29). Finally, these determined prices for free (new) goods, classified as so-called

shadow prices, can be included in the cost-of-living index (using superlative price in-

dices) or the consumer price index. However, the relevance as well as the need for such

an inclusion, is controversial aspect and causes a lot of discussion in the literature but

is not in focus of this paper (see e.g. Reinsdorf and Schreyer (2019, pp. 13-16)). The

main drawback of the Hicksian reservation price methodology are certain assumptions

which must be met.26

Returning to the main focus of this paper, in order to assess the value and price

of free digital products, one may name the following, already mentioned, possible

method: Choice experiments. Some of the pioneers in applying this method to free

digital products are Brynjolfsson et al. (2019a,b).27 Moreover, for the first time, they

use massive online discrete choice experiments that allow them to reach many more

potential users of free digital products in real time. In their work, they Brynjolfsson

et al. (2019a, pp. 24-45) estimate not only consumer welfare of digital products, but

also expand their evaluation by determining their contribution to GDP.28 The exper-

24Other works, which estimate the value of the Internet using a time variable are presented by Gools-
bee and Klenow (2006) and Pantea and Martens (2014).

25The reservation price is the price of the (new) free product which is available in the periods 1, ...,T
but not available in the period 0. The demand for such a product in the period 0 is equal 0 (Brynjolfsson
et al., 2020, p. 26). The absence of a product or a product that is too expensive, resulting in zero
consumption and therefore zero demand for it, are two equivalent concepts from a welfare viewpoint
(IMF, 2018, p. 21).

26E.g. latent preferences that can also imply the same utility function. This may not always be the
case (Brynjolfsson et al., 2020, p. 27).

27Another example of applying method of choice experiments to a free digital product is the work
of Sobolewski (2021). Free digital maps and navigations systems are to be evaluated here from the
consumer’s point of view.

28By using two approaches: Total income approach (for more information, please see Brynjolfsson
et al. (2019a, pp. 22-23)) and reservation price methodology
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iment is conducted for two countries: USA (only Facebook, based on real representa-

tive sample of the US internet population) and the Netherlands (Facebook, Instagram,

Snapchat, Skype, WhatsApp, digital Maps, LinkedIn, Twitter; estimations are based

on the laboratory results). The results for the USA are as follows (Brynjolfsson et al.,

2019a, pp. 24-31):

• the median willingness-to-accept (further - WTA) price for not using Facebook

for one month is $42.17 ≈ e34.76,

• the impact of Facebook on the real GDP growth is 0.11 percentage points on

average per year from 2004.

The results for the Netherlands are the following (Brynjolfsson et al., 2019a, pp. 32-

39):

• the median willingness-to-accept (WTA) price for not using Facebook for one

month is e96.80, for not using WhatsApp is e535.73 and Instagram e6.79,

• assuming a user-population of 10 million, the impact of Facebook on the real

GDP growth is 0.5 percentage points on average per year, the impact of What-

sApp is 4.10, Instagram is 0.07 for the periods 2004-2010.

There are also other studies evaluating the monetary value of Facebook. In particu-

lar, Herzog (2018) finds that the value of Facebook is e28.26 per week.29 The discrete

choice methodology is also applied here. Another example of determining the value of

Facebook is presented in Mosquera et al. (2019). The results are based on a field experi-

ment using an incentive-compatible procedure developed by Becker et al. (1964). They

find that one week of Facebook is worth $67, with a medium value of $40 (Mosquera

et al., 2019, pp. 577, 584-587). Corrigan et al. (2018) on the basis of experimental auc-

tions (Vickrey second-price approach) access the WTA category. It shows how much

money in exchange for giving up Facebook over a certain period of time bidders are

willing to accept. The mean WTA per week is worth $38.83, with a median of $15.00.30

29The sample consists of 80 respondents and 14 nationalities, 50% of whom are Germans.
30The sample consists of one hundred twenty-two Facebook users on the campus of a Midwestern

liberal arts college (Corrigan et al., 2018, p. 4).
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We can see how other characteristics of free digital products influence their value

and the determination of such definitions as value, price and costs in the following

section 3.4.

3.4 Value, Price and Cost: Differences and Relationship

“The need of a clearer, more consistent, and more generally accepted

terminology in economics is felt by all economists today”

Frank A. Fetter “The Definition of Price”, Dec. 1912

When selecting the method to be used, terms such as value, price and cost should

first be defined. Let us start with a short history of value and price, explaining briefly

how they were used and what role the term “cost” plays here (Table 5 gives a short

overview of the most important points). Then we show the difference and relationship

of them and apply them to the case of free digital products.

Over time, the understanding and definition of value and price has constantly

changed, with no obvious separation for a long time. In ancient times, theories of

value and price did not yet exist, but there were early attempts to recognise their role.

So, with the development of Roman law, the concept of the “just price”31 gets a legacy.

The roots of the “just price” go back to the Greek and Italian philosophers: Aristotle

and Aquinas (Elder-Vass, 2019, p. 1486; Jaffe and Lusht, 2003, p. 7). Aristotle, how-

ever, did not introduce the term of the “just price”, but explained the importance of

the just exchange: The exchange is just if it is proportionate equal (Aristotle, 2009).

Consequently, “the value is expressed by the proportion in which things exchange for

each other” Sewall (1901, p. 2). And money, serves as an intermediate that measure all

things, “makes goods commensurate and equates them” (Aristotle, 2009). As Sewall

(1901, p. 2) mentions “Money price is the expression of the value”. That is why we see

here how value and price correlated with each other at that time and were almost syn-

onymous. The uncertainty and ambiguity of the distinction between price and value

persisted also in Roman times Sewall (1901, p. 3).

31The “just price” is based on the ethical norms, such as “justice”, “fairness”. It is the “price, corre-
sponding to the true value of the object” (Kaulla, 1940, p. 35). Depending on the philosopher and/or
economist, the just price definition may be interpreted a bit differently.
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Table 5: Development of the definitions of “value”, “price” and “cost” over time.

Time Authors Interpretation of definitions

Ancient times
(3000 BCE
(before current
era) - 500 CE
(current era))

Roman Law,
Greek and
Italian
philosophers
(Aristotle,
Aquinas etc.)

value = price; the goal - justification of the
price (value); the term “cost” was not
determined.

Middle ages
(500 - 1500 CE)

J. Locke, J. Law,
J. Steuart

value , price; the goal - explanation of the
value and price; exchange value (price)
and natural value (value); value is based
on the costs required to produce a
commodity.

Early modern
time period
(1500 - 1815
CE)

W. Petty, A.
Smith, D.
Ricardo

“objective” theory of value, based on the
cost approach; “value in exchange” and
“value in use”; value is the “natural price”,
which may deviate from its market price.
Costs determine the “natural prices”.

Late modern
time
period(1815 -
1945 CE)

K. Marx, W.
Jevons, F. von
Wieser, C.
Menger, L.
Walras, A.
Marshall

value , price; “objective” and “subjective”
theories of value; combination of the two
theories.

Contemporary
time period
(1945 - now)

A. J. Jaffe, K.M.
Lusht, RICS,
USPAP

a clear distinction of terms and
interpretation of definitions according to
economic area and type of the product

In the Middle Ages, the need to develop a theory of value and its definition in-

creased. Some early attempts were made to link the value of a product to the amount

of labour required to produce it (e.g. A. Magnus, Aquinas) (Sewall, 1901, pp. 13-

37; Jaffe and Lusht, 2003, p. 11). In the post-middle ages, the focus shifted from

justification to explanation of value. One of the first economists to contribute to the

development of the theory of value was W. Petty. He distinguishes between two kinds

of value: exchange value, or price, and natural value. The exchange value, or price

is called then as extrinsic or accidental value. The natural value or intrinsic value is

determined by the amount of labour and land required to produce the product (Se-

wall, 1901, pp. 70-74). The important conclusion is that the natural value may not be

equal to its extrinsic value, i.e. its price. So, we see that price and value are beginning

to separate. Other economic writers, who distinguish value and price, are J. Locke, J.
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Law and J. Steuart. J. Steuart viewed value as the intrinsic value of a commodity, based

on the costs required to produce it. In contrast, price is determined by market forces

(Jaffe and Lusht, 2003, p. 21).

The cost approach to the definition of value was continued by classical economists

such as A. Smith and D. Ricardo. Such a theory of value is called in the literature “ob-

jective” theory of value (King and McLure, 2014). First of all, A. Smith distinguishes

between “value in use” and “value in exchange”.32 Therefore, A. Smith makes sugges-

tions in the direction of the “subjective” concept of value. Secondly, he makes labour

the base of value of goods and argues that this is “the only universal, as well as the only

accurate measure of value, or the only standard by which we can compare the values

of different commodities at all times, and at all places” Smith (1776, Chapt. 5, Book

1). This is the kernel on which the natural real value or price is based. In the times

of capitalism, however, A. Smith proposes to define the natural price of a good using

the adding-up principle. The natural price or value consists of the sum of the costs

not only of labour, but also of the cost of land and capital needed to produce the com-

modity.33 He admits that the market price may deviate from its natural level. Hence,

A. Smith also distinguishes between natural and market prices. Moreover, the term

“price” is based upon the term “value”, whereas both terms refer to the term “cost”.

D. Ricardo elaborated a more systematic and expanded theory of value. At various

stages of his work he confirms and criticises the views of A. Smith. But in the end

Ricardo follows the assumption that the cost of production determines the natural

prices of goods rather than the interplay of supply and demand (Jaffe and Lusht, 2003,

pp. 26-28), (Bloch, 2020, p. 60). Moreover, with regard to the value of goods, he

states that “the ratio between the direct and indirect labour requirements34 of two

commodities determines their relative value” Signorino (2011, p. 3).

32“Value in use expresses the utility of some particular object”, while “value in exchange the power
of purchasing other goods which the possession of that object conveys” Smith (1776, Chapt. 4, Book 1).

33“When the price of any commodity is neither more nor less than what is sufficient to pay the rent
of the land, the wages of the labour, and the profits of the stock employed in raising, preparing, and
bringing it to market, according to their natural rates, the commodity is then sold for what may be called
its natural price” (Smith, 1776, Chapt. 7, Book 1).

34“Not only the labour applied immediately to commodities affect their value, but the labour also
which is bestowed on the complements, tools, and buildings, with which much labour is assisted” Ri-
cardo (1817).
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K. Marx is another representative of “objective” theory of value. According to K.

Marx “Value of any article is the amount of labour socially necessary, or the labour time

socially necessary for its production” Marx (1887). A detailed review of K. Marx’s work

is not the purpose of this paper. However, one should mention, that he distinguishes

between value and prices. Focusing on the capitalist era, he assumes that “prices are

symbols of the relative worth of commodities and assume a money form” (Nicholas,

2011, p. 29). Price “is the value expression in money; ... is like relative value in

general, expresses the value of a commodity” (Marx, 1887). As Elder-Vass (2019, p.

1487) mentions: “Marx did attempt to find a way to reconcile his theory of value with

a theory of price”.

Another interpretation of the terms “value” and “price” is presented by the school

of marginalists. They tend to see the term “value” as part of a “subjective” theory based

on the utility of the product to the individual. The predecessors of the marginal utility

school are F. Galiani, Lloyd, Senior, Dupuit, Say (Jaffe and Lusht, 2003, p. 37). W.

Jevons, F. von Wieser, C. Menger and L. Walras are among the main representatives of

marginalism, who shifted the focus of the cost-based value concept to the utility value

concept.

W. Jevons (1888)35 in his work “The Theory of Political Economy” makes a statement

that “value depends entirely upon utility”. W. Jevons formulates the relationship be-

tween cost, value and utility as follows: “Cost of production determines supply. Sup-

ply determines final degree of utility. Final degree of utility determines value”. C.

Menger determines the term “value” from the subjective point of view as well:“Value

is thus the importance that individual goods or quantities of goods attain for us be-

cause we are conscious of being dependent on command of them for the satisfaction of

our needs” Menger (1976, p. 115). As Elder-Vass (2019, p. 1488) concludes, marginal-

ists equated the terms value and price, treating them as synonymous.

35“Prevailing opinions make labour rather than utility the origin of value; and there are even those who
distinctly assert that labour is the cause of value. I show, on the contrary, that we have only to trace out
carefully the natural laws of the variation of utility, as depending upon the quantity of commodity in our
possession, in order to arrive at a satisfactory theory of exchange, of which the ordinary laws of supply and
demand are a necessary consequence. Labour is found often to determine value, but only in an indirect manner,
by varying the degree of utility of the commodity through an increase or limitation of the supply.”
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Finally, A. Marshall, as a neoclassical economist, seeks to combine objective and

subjective theories of value. He integrates the results of marginalists into the general

theory of demand and supply (Jaffe and Lusht, 2003, p. 40).

After a brief historical overview, we see that the definition and interpretation of

both terms “value” and “price”, played a huge role and were often very related to each

other. It is very difficult to extract and present any unified definition of value, price

and cost. F. Fetter (1912) analyses a variety of definitions of the term “price” and finds

about 117 definitions as of 1912. He identifies four groups of definitions according to

their relationship to value. Table 10 in the Appendix F gives a short overview of these

various types of definitions. Jaffe and Lusht (2003, p. 5) also confirm this conclusion

with regard to the concept of value and value theory: “The subject of value is so broad

that it is virtually impossible to harness the entire scope of all literature on the topic,

despite our best efforts”.

Also different economic areas interpret the terms “value” and “price” differently

(e.g. a special interest to the terminology exists in the appraisal practice36). The term

“value” in modern practice apparently identifies mainly a subjective point of view and

reflects the worth of a product according to the opinion of different people.

Considering the nature of free digital products, it is important to provide clear

definitions of the terms “value”, “price” and “cost” correctly, taking into account their

characteristics and modern perspective. The present paper defines these three terms

as follows:

36Three main value variations are used in the real estate world (Jaffe and Lusht, 2003, pp. 46-47):

• Value as price at which property is sold

• Value which reflects the market value of the property

• Value in terms of a subjective value to owner.

The Royal Institute of Chartered Surveyors(RICS) in the United Kingdom (RICS, 1996; Jaffe and Lusht,
2003) defines the first type of value as “Price” - is the actual observable exchange price in the open
market; the second type as “Market value” - is an estimation of the price that would be achieved if the
property were to be sold in the market; the third type is specified as “Worth” and reflects the perception
of the capital sum that investor would be prepared to pay (or accept) for the stream of benefits that
he expects to be produced by the property. According to the US Uniform Standards of Professional
Appraisal Practice (USPAP) Appraisal Foundation (2020, p. 5): “value” is “the monetary relationship
between properties and those who buy, sell, or use those properties, expressed as an opinion of the
worth of a property at a given time.”, “price” is “the amount asked, offered, or paid for a property”.
Finally, “cost” is defined “as the amount required to create, produce, or obtain a property”.
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• Price is the total amount of money a company demands from its users in the

marketplace when providing a particular digital product. The implicit name of

price is the market price. In the case of free digital products the market price is

zero.

• Value is a monetary expression of an opinion on the worth of free digital prod-

ucts. From one side, value may be calculated on the basis of all costs regarding

the access and usage of free digital products. Another interpretation of value is

that it is a monetary expression of willingness to pay or accept some amount of

money in order to access/use the free digital product by the user.

This total amount of money can vary from person to person and depends on

various factors. These can be:

– objective or countable characteristics, such as e.g. a subscription fee (in case

of free digital products it is equal zero), wage levels, total costs of Internet

access etc.

– subjective factors, such as the time spent using the digital product and eval-

uating it, some personal interest in the product, or the level of development

of the networking effect/shareability etc.

In the present paper, value is defined from the consumer’s point of view, i.e. in

terms of the consumer surplus. Consumer surplus is defined as the difference

between the willingness to pay and the actual market price (payment).

• Cost is the amount of resources (tangible or intangible) needed to access and use

a free digital product. Costs in the present paper are defined as “usage costs”,

and consist of four components: adjusted subscription fee, opportunity costs of

time, attention factor and the value of personal data. These components will be

defined more detailed in the next sections.

In the case of free digital products, usage costs determine a shadow price37 for the

product. It serves as a price for our users, what they are willing to pay to use this

product.

37A shadow price is defined in our paper as the approximate economic price of free digital products
based on their costs and/or value, that have no real market price.
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Facebook may serve as a good example of a free digital product, and help with the

interpretation of the definitions “price”, “value”, and “cost”. We do not have to pay

anything for the use of Facebook on the market. That is why, the price (market price)

of Facebook for consumers is zero. The value of Facebook is, however, greater than

zero. Value may be based on the cost approach. Possible costs of the access and usage

of Facebook include the following objective and subjective characteristics: Total Inter-

net access costs adjusted by the number of MB/GB spent on Facebook website/app;

time spent using Facebook; personal data that users provide to Facebook during regis-

tration and use; attention to advertisements, which trigger additional clicks and lead

to the disutility from unfulfilled newly created desires.38 In this way, the costs serve as

a shadow price for the user and represent the consumer’s willingness to pay for Face-

book, based on which the user determines the value of the product. Hence, overall, the

value of Facebook can be roughly converted into the monetary form.

That is why, the price may be equal to, greater than or less than the value. Con-

versely, the value may be equal to, greater than or less than the price. A shadow price

of the product is determined by the usage costs and represent the value of the product.

However, costs may or may not fully justify prices and values. Other factors may also

play a role in defining these terms. It also depends on the method used to determine

price and value (subjective/objective theory). In case of digital products, the typical

pricing strategies are: for free, freemium, subscription model or dynamic pricing (for

additional information see (Krämer and Kalka, 2017)).39 The pricing strategy for free

digital products is called “for free” (Krämer and Kalka, 2017) and aims to create value

for consumers. However, this does not mean that the company is making a loss with

this pricing strategy, i.e. by setting the price at “zero level”. The profit comes from

charging third parties. Another two possible aims of this strategy, as mentioned by

Krämer and Kalka (2017) are creation of a new market and the usage of the product

as an integral part of the product range. Hence, the price in the case of free digital

38When scrolling the page in Facebook, Facebook always shows some targeted ads based on your
interests. At some point this can overwhelm the users, especially if they have already bought that
product and have no interest in it. See also the discussion about this in Fraumeni (2019, p. 347).

39There are a lot of pricing strategies that currently exist on the market, depending on the market
itself and its features. E.g. cost-plus pricing (probably the oldest and most classic strategy, based on cost
plus mark-up); customer-driven or value-based pricing, which generally sets the price according to the
value of the product to the customer; share-driven pricing, based on the share of the company on the
market and many others (Nagle and Mueller, 2005).
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products is zero, i.e. has a value of zero. But this does not mean that the value of a free

digital product is zero. Moreover, from the user’s point of view, even with “zero price”,

the final price and value of using this product may not be completely zero. Some costs

associated with the use of digital products may not be directly observable, or may be

tangible or intangible. Although the market price of free digital products is zero, the

implicit price and the value of the product may be higher than zero.

One of the purposes of this paper is to determine the so-called shadow price and

the value of free digital products, using a usage cost model. Further explanation of

this method can be found in the following section 3.5.

3.5 Usage Cost Model

3.5.1 A Short Overview of the Travel Cost Method

A common feature of natural assets and free digital products is that they are non-

market products and have characteristics of public goods. As mentioned in the pre-

vious sections, there are a lot of methods and techniques used to assess the economic

value of such products. One of such economic valuation approaches is the Travel Cost

Model (TCM). The main feature of TCM is that travel and time costs represent the cost

part and form the “implicit” price of visiting a site, which affects the value, or mone-

tary willingness of the consumer to pay for visiting that site. This willingness to pay

can therefore be estimated based on the number of visits, travellers make based on

their level of expenditures. TCM has a count-data nature in terms of the dependent

variable (integer variables), that is why count data models are used for the estimation.

The idea of TCM was initially proposed by Hotelling in 1947 in his Letter to the

National Park Service (Hotelling, H., 1947; Smith, 1989). The aim of his proposal is to

determine the value of national parks depending on their visitations rate. Hotelling

emphasizes so-called “zones” (areas, which are grouped, depending on the distance

to the park/travel place). The further away the travel object is, the more expensive

it is for the consumer (group of consumers of one particular zone) and, consequently,

the more travel costs has the consumer. Those, who are close enough to the travel ob-

ject, receive a consumer surplus, when visiting the object. The demand curve has a

downward slope. A travel good is assumed to be a normal good with a fundamental
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relationship between price and quantity consumed. The more expensive the good, the

less it will be consumed. Hence, this model considers the quantity of visits to one or

another place as the quantity demanded and, the travel costs - as the “price” of visits.

Later, Clawson and Knetsch (2011)40 in 1967 independently developed and applied

this method, which nowadays has the name of “zonal travel cost method” (ZTCM).

Today, there are two main varieties of TCM: Zonal TCM (ZTCM) and Individual TCM

(ITCM). Instead of using average data of some particular group of population (zone),

ITCM (Burt and Brewer, 1971; Špaček and Antoušková, 2013) is dedicated to the char-

acteristics of the individual demand. There are many extensions of ITCM, such as

those that include not only travel time, transportation costs, but also socio-economic

characteristics (Špaček and Antoušková, 2013).

3.5.2 Introduction to the Usage Cost Model

The proposal of this paper is to modify, adapt and apply the principle and mechanism

of the TCM to the case of free digital products. The modified model is denoted as us-

age cost model (UCM). We change the first word from “travel” to “usage”, because of

the specifics of digitization. When visiting a place of rest (park, lake, etc.) consumers

bear the costs associated with the trip, i.e. transportation costs (distance and cost of

fuel, time required for travel). When accessing a free web-page, search engine or app,

consumers pay the costs associated with usage itself. These costs consist of a subscrip-

tion fee for Internet access, the time taken to access/visit a free digital good/service,

the value of their personal information given to one or another free digital product and

the attention to undesired information (e.g. the adverts that create unfulfilled desires).

The objective of the UCM is to determine a consumer demand for free digital prod-

ucts, to define and to calculate the costs of using a free digital product and their “im-

plicit” prices, to identify the consumer surplus and consequently to assess the value of

such products.

The basic principle of the TCM is applied to the UCM. Based on the cost/benefit

analysis, the cost side is represented by the usage costs, which users incur to visit a

free digital product. The usage costs are the “implicit” price of visits. The benefit side

is determined by the willingness to pay to visit a free digital product, which can be

40The second edition, originally was published in 1967.
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measured by the number of sessions (visits) to the free digital product that users make

at different levels of usage costs. The number of sessions (visits) is considered as the

quantity demanded. So, why was the number of sessions (visits) chosen as the quantity

demanded, and as the dependent variable? First of all, the number of sessions (visits)

is considered as an important analytical measure of all digital products.41 As Spintech

(2015) notes: “It is a fundamental measurement of digital product’s reach and growth”.

Google (2021) defines session (alternative name visit) as follows: “A session is a group

of user interactions with your website that take place within a given time frame. For

example a single session can contain multiple page views, events, social interactions,

and e-commerce transactions”. The number of sessions helps to understand a true

usage of digital products (Klipfolio Inc, 2021). It also shows how “sticky” the digital

product is (Spintech, 2015). By “stickiness” it is meant “whether your digital product

is worthy of multiple visits from users” (Spintech, 2015). It also shows the loyalty

of the users (regular and occasional users). The more interesting the digital product

is for the user, the more often the user will visit it. Finally, including the fact that

TCM originally uses a count variable as the dependent variable, the basic principles of

this model construction apply to UCM as well.42 This paper aims to include another

independent variable besides money and time budget in the analysis of the value of

free digital products. In contrast to environmental, health or other similar non-market

products that produce both use and non-use value43, free digital products produce

only use value. It is therefore logical to apply here methods that directly investigate

41The most important metrics for measuring the success of digital products are: users, sessions, pages
per session, devices, source/medium and channels, pageviews, unique pageviews, average time on page,
landing pages, exit pages, bounce rate (Day, 2021).

42The duration of session (number of minutes, a user spends on the usage of digital product) is not
used here as a dependent variable because, from our point of view, it illustrates the cost side of the
analysis (can be converted into money the user would have earned if he or she had not used the digital
product) and is part of the total usage costs variable that affects the number of sessions (visits) to the
free digital product. Furthermore, it is not consistent with the original principle of the TCM model,
which is based on the countable nature of the dependent variable. However, it can be seen as a possible
measure of the value of the free digital product, but using a different valuation model (method). In
particular, as already mentioned, Goolsbee and Klenow (2006); Brynjolfsson and Oh (2012) construct
such models and calculate the welfare gain as well. The models show the relationship between time
spent on the internet and the individual’s wage, which predicts that the higher paid users spend less
time on the internet compared to the lower paid users. Brynjolfsson and Oh (2012, p. 7) also include
the quality of the Internet in their analysis.

43These goods usually in the literature consist of use and non-use values. Use values arises from the
direct consumption of the product. Non-use value, on the other hand, is assigned to a product that is
not used, but is saved for future use(Baker and Ruting, 2014, p.12).
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the use value of a product. These methods are revealed preference methods. Therefore,

this paper explores the possibility of applying UCM.

Usually the demand curve shows how many units of a product will be purchased

based on the particular price. In general, this approach to determining demand is

appropriate when applied to the “standard” market goods and services, where the

price is settled and known. The lower the price, the larger the demand. However, such

a result is not quite clear in the case of free digital products, which first of all, are

not “standard” products, but non-market products and, secondly, are close to public

goods. We assume, however, that there is an inverse relationship between price and

the number of free digital products consumed. The higher the shadow price per visit

(usage costs per visit), the fewer visits to free products are made, and vice versa, the

lower the usage costs per visit, the more visits to the free digital product are made.

The convex falling demand curve for free digital products is represented in Figure

7. In contrast to the classical microeconomic theory, where a demand curve repre-

sents an inverted demand function, the depicted demand curve, represents the (non-

inverted) demand function, i.e. the x-axis shows the price (usage costs per one visit)

and the y-axis the quantity (number of sessions (visits)).

Figure 7: An illustrative expected demand function for a free digital product.
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The more the user pays for the usage of free digital products, the more often he/she

tends to visit the product, because there is an intention to do this/a necessity: the

increased subscription fee results in more sessions, otherwise the user will choose the

cheapest tariff with a limited amount of data included; or if the user is ready to share

more his/her personal data, the number of his/her sessions will also increase (because

every time the user visits a digital product, he/she shares his/her personal information,

preferences, ideas etc.); or the more sticky the user to the free digital product, the more

the user is willing to spend their extra attention on various minor things unrelated

to the main product, and hence, the number of sessions increases as well; the more

valuable/more sticky is the free digital product to the user, the more often the user

will tend to use the product, the more sessions will be generated. More visits result in

a cheaper cost per visit for the user. A higher price per visit leads to less demand (e.g.

less visits).

A more detailed argumentation regarding the inverse relationship between the

number of visits and the usage costs per visit is discussed in the Sections 3.5.3.2,

3.5.3.3, 3.5.3.4, for each component of the usage costs separately.

One of the aims of this paper is to present a logical economic explanation of the

relationship between the selected exogenous and endogenous variables. The existence

of an inverse relationship between the usage costs per visit (shadow price) and the

number of visits (sessions, quantity demanded) will also be investigated by using an

empirical application (see Section 3.6). The applicability of the UCM will then be

analysed.

3.5.3 Specification of the Usage Cost Model

As pointed out above, the two classical variations of the TCMs are the ZTCM and

ITCM. They can be adopted to UCMs. We start from the ZTCM, in our case: zonal

UCM (ZUCM). ZTCM assumes that the costs of consumers depend on the distance to

their location. Consequently, all consumers are grouped in certain zones depending on

their remoteness. The ICT development runs throughout the whole world. In case of

access to free digital products we do not have such distances: each consumer regardless

of his/her location can access this free digital product from anywhere in the world (see

Figure 8):
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Figure 8: Zonal usage cost model.

However, the consumption of free digital products is not for free because a usage

cost arises. It comprises at least four components. Besides the cost of Internet access,

there is the cost of time, which will be spent by using the free product, the cost of our

personal data and the cost associated with attention to undesired information, when

using free digital products. The sum of these cost components one may denote as usage

costs. A general representation of the ZUCM looks like this:

Vi/Pi = f (UCi ,Si , ei), (52)

where

Vi is the number of sessions/visits from zone i to some given free digital product

during a given period of time (day, week, month, year),

Pi is the population of zone i,

UCi is the usage cost from zone i of some given free digital product,

Si is socio-economic characteristics of the population living in zone i using a given

free digital product,

ei is an error term.

After the determination of the zones’ demand, a total demand for free digital product

may be derived. After this step one may identify the consumer surplus and the value

78



of usage of the free digital product. Using ZUCM, it is possible to estimate the value

of a free digital product based on official publicly available data.

An alternative is to work with the individual UCM (IUCM). This type differs from

the ZUCM in that it uses survey data of the characteristics of each individual. On this

basis it constructs an individual demand and after that, a cumulative demand of all

individuals for some given free digital product and determines its value. The general

IUCM looks as follows:

Vi = f (UCi ,Si , ei), (53)

where

Vi is the number of sessions/visits of individual i to some given free digital product

during a given period of time (day, week, month, year),

UCi is the usage cost of some given free digital product by individual i,

Si is socio-economic characteristics of the individual i using a some given free dig-

ital product ,

ei is an error term.

The advantage of the IUCM is that it more accurately measures the value of a free

digital product, as each person’s data is used and analysed. However, it is not possible

to gather the data from all individuals of the world. What is feasible is to survey a

certain number of individuals in a country and make an approximate assessment of

the value of the product from the perspective of the country’s population. Another

option is to determine the value of a free digital product for a particular group of

people (e.g. scientists, young/old or married/unmarried people etc.). This will help to

see how this particular group of people values these free digital products.

Another modification of the TCM is the single-site model. This model is merely an

extended version of IUCM, when (53) is applied to various sites. Single-site travel cost

models are usually applied to the individual data, however, in the case of limited data,

the zonal version may also apply. The single site model is used to determine the value

for those places that have several substitutes (Špaček and Antoušková, 2013, p. 2852).

In case of the TCM, the higher the cost of reaching the substitute, the more trips taken
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to the initial site Parsons (2003, p. 294). A single-site usage cost model can be specified

as follows:

Vi = f (UCi ,UCSi ,Si , ei), (54)

where

Vi is the number of sessions/visits of individual i to some given digital product

during a given period of time (day, week, month, year),

UCi is the usage cost of a given free digital product by individual i,

UCSi is the usage cost of the substitute to the initial given free digital product by

individual i,

Si are socio-economic characteristics of the individual i using a given free digital

product,

ei is an error term.

By incorporating usage cost to other alternatives, the model now accounts for substi-

tutes.

In case of the zonal single-site usage model the dependant variable Vij is replaced

by the variable Vi/Pi .

Because of the focus on a specific small group of people and the evaluation of the

value of specific free digital products, this paper, including its empirical application,

focuses on the IUCM. Other options may be considered in the future for a more exten-

sive research.

3.5.3.1 Description of Necessary Data

The dependent variable Vi is the number of sessions/visits to some given free digital

product by individual i during a given period of time. Let us take Facebook, Instagram

and WhatsApp as examples of free digital products. In the ZUCM, where zones are

countries, the official available data of monthly/weekly/daily active Facebook users

for that country can be used. The zone’s population is also taken into consideration.

In the IUCM, a survey or experiment should be conducted within a country or poten-

tial group of people to collect information on how often/how many times they visit

Facebook or another free digital product.
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The next variables to be considered are: usage costs and secondary variables. Usage

costs have the following components:

1. adjusted subscription fee for Internet access (SF)

2. opportunity costs of the time spent (OC)

3. value of personal data of users (PD)

4. attention factor (A)

3.5.3.2 Adjusted Subscription Fee for Internet Access

A subscription fee differentiates between the type of usage device as follows: access to

the free digital product from any kind of mobile phone or from the computer/laptop.

It is also assumed that Internet access can be provided via mobile (wireless) network

and/or fixed broadband Internet. In the case of ZUCM, the average costs for each

internet type for each country may be taken from the official publicly available reports

of the costs.44 In the case of IUCM, it is necessary to conduct a survey or experiment

within the country or a potential group of people to collect information on how much

they spend on subscription fees, the type of network and tariff used. The subscription

fee must then be adjusted to reflect the megabytes (MB)/time spent using the free

digital product and the intensity of it.

Figure 9 provides the SF transformation and conversion mechanism to be applied

to the IUCM. All users pay a certain subscription fee to have a general Internet access.

This subscription fee is based on a specific tariff that includes a certain number (or un-

limited) of MB/GB, minutes, SMS/MMS and other mobile/computer usage units per a

certain period of time (week, month, year). Based on this information, one may extract

the cost of 1 MB/GB or other necessary usage units per week/month/year. Further-

more, it is possible to determine the average data usage (MB/GB) from a particular

free digital product.

44E.g. Reports of the UK company Cable.co.uk (Howdle, 2020a,b).
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Subscription Fee for Internet Access

Usage of the specific free digital product
Tariff for Internet Access

average use of 

data from a free 

digital product is 

known

average use of 

data from a free 

digital product is

unknown

Average 

consumed 

MB/GB per 

month/week 
(e.g. every 

week/month 

Instagram uses 134 

MB)

Average estimated data 

usage of free digital 

product 
(e.g. Instagram uses 6.7 

MB in one minute)

Average time spent on a 

free digital product 
(e.g. the user spends 20 min 

on Instagram per 

week/month)

=> 6,7 MB x 20 Min = 134 MB is the average 

consumed MB of a user per week/month 

Tariff characteristics: 

1. Price per week/month 

2. What is included 

(MB/GB; min; SMS/MMS etc.). 
Assumption 1 is applied

Price of 1 MB/GB per week/month of using the device 

(e.g. 1 MB per week costs 0,025 Euro)

Assumption 4 is applied

Adjusted SF for Internet access per visit 

regarding the use of free digital products 
(e.g. average data usage x price of 1 Mb/Gb per 

week/month = 134 MB x 0,025 Euro = 3,35 

Euro/Number of visits of the user)

Figure 9: Subscription fee transformation and conversion mechanism to be applied to the UCM.
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This can either be done through information collected in the app/website of that

free digital product or based on the minutes spent in the free digital product, which

can be converted into MB/GB. Finally, multiplying the average data usage and the price

of 1 MB/GB and dividing it by the number of sessions (visits) gives the adjusted SF for

internet access per visit relative to usage of that particular free digital product. The

following assumption are to be applied to this mechanism and the UCM in general:

1. Individuals buy a tariff and “use” it completely, which includes deliberate re-

serves.

2. Anything included in some tariff (data traffic, minutes, sms/mms etc.) is consid-

ered to be of the same value in the model.

3. The users distribute all data traffic to all possible products in use (e.g. WhatsApp,

Facebook, Instagram, other products, perhaps there are also reserves left).

4. A person’s visits are considered to be uniform. Users are assumed to have some

adjusted subscription fee costs45 for using a product.

5. It is assumed as well, that the demand curves for each user between the adjusted

SF of using the free digital product per visit and the number of visits has an

inverse relationship.

6. Users are rational: normally, if they expect to consume a lot/to make a lot of

visits, they buy a more expensive tariff (with more options included). If they are

not interested in intensive use, they buy a cheaper tariff. This means, however:

for those users who consume a more expensive tariff and visit the free digital

product more often, the total costs of using the free digital product are higher,

but the adjusted SF of product use per visit is lower than for those people who

buy a cheaper tariff and visit the free digital product only a few times.

Let us consider a person A, who pays for the tariff 6,99 Euro per month. This tariff

consists 4 GB Internet, flat rate calls and SMS flat rate in all German networks. The

costs of 1 GB, hence, are: (6,99/3)/4 = 0,58 Euro per GB. The person has 60 visits per

month of WhatsApp and consumes around 0,36 GB of traffic per month for WhatsApp.

45These costs are measured on the basis of observations, actual user behaviour. See also Figure 9.
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The costs of WhatsApp usage for this person is: 0,21 Euro (0,36x0,58) and the adjusted

SF per visit for the person A is 0,0035 Euro per month (0,21/60 Visits per Month). At

the same time, if this person decides to make more visits (less visits), his/her adjusted

SF per one visit for WhatsApp will consequently decrease (in case of 90 visits per

Month: 0,21/90 = 0,0023 Euro per visit) (increase, in case of 30 visits per Month:

0,21/30 = 0,0069 Euro per visit). This means: the more visits a user makes, the cheaper

it costs per visit for the user.

3.5.3.3 Opportunity costs of time

The next step is to define the opportunity costs of the time spent on visiting free digital

products. The appropriate treatment of time is critical. There is a lot of discussion

regarding this question in the literature.

The first attempts to assess time are based on the traditional neoclassical model of

labour-leisure choice. This model is based on the assumption, that consumers always

tend to maximize their utility. Time is limited and usually divided between working

and non-working (leisure) time. Consequently, the aim of consumers is to allocate

their working and leisure time in such a way as to obtain maximum utility. This is

achieved when “the opportunity cost of an hour of leisure is equal to one’s wage rate

- the extra earnings a worker can take home from an extra hour of work” (Ehrenberg

and Smith, 2017, p. 174). Put differently, the marginal rate of substitution between

labour and leisure is equal to the wage rate. This may be interpreted as the value of

time DeSerpa (1971, p. 831). Cesario and Knetsch (1970) and Cesario (1976) among

the first researchers to investigate time bias as part of the TCM. When applied to TCM,

they make a suggestion that “the effect of time on visit rates is likely to be of equal

or even greater importance than the actual monetary cost incurred”. The correction

has been made by including the time variable as a separate variable in the estimated

model. Also McConnell (1975, p. 332) concludes that “ignoring the opportunity cost

of time, underestimates the marginal value of the recreation”. Cesario and Knetsch

(1970, p. 702) argue that people do make trade-offs between time and money costs

and hence, they link time costs to money costs.
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DeSerpa (1971, p. 833)) distinguishes between two values of time: the value of

time in terms of the scarcity value, as a resource46, and “the value of saving time”, as a

commodity.47 Wilman (1980) investigates these two kinds of time values and comes to

the conclusion, that “travel time” one should estimate in terms of “the value of saving

time” and “on-site time” - in terms of the scarcity value. According to Cesario (1976,

p. 34), the scarcity value of time represents the lower bound of the value of saving

time.

There are also some differences of how fixed-time workers and workers with flexi-

ble work schedule value their time. Again, this is one of the critical moments when the

wage rate is used as the proxy of the opportunity costs of time. In particular, Bockstael

et al. (1987, p. 295-296) confirms that wage rates can be applied for those employees

who have flexible working hours, but for those who have a fixed working day - their

working hours have no relationship to the individual’s wage rate. The present paper

supports the view of Grazia, S. de (1962) and Amoako-Tuffour and Martinez-Espineira

(2008), who suggests that non-working time is not free and already paid by the length

of time devoted to work (Amoako-Tuffour and Martinez-Espineira, 2008, p. 4). And

this is especially true for those who have a fixed work schedule. Parsons (2003, p.

285) mentions that it is common to relate the value of time to the wage earned by a an

individual. Despite many criticisms of the value of time as a certain percentage/frac-

tion of the wage rate (Smith et al. (1983); Shaw (1992)), it must be recognised that the

wage-based approach is still one of the most widespread approaches of valuing the

time (Cesario (1976, p. 34); Feather and Shaw (1999, p. 50); Brouwer (1999, p. 100);

Borzykowski et al. (2017, p. 156); Amoako-Tuffour and Martinez-Espineira (2008, p.

11)). This relation is usually deviates from the one-third to the full wage.

Another possible approach is to construct the fitted regression and impute a wage

for individuals Parsons (2003, p. 285), by using a hedonic method (Feather and Shaw,

1999). This approach has also its drawbacks and is complicated as an empirical ap-

46“The general value of time is determined by its use in alternative activities.” (Shaw, 1992, p. 69).
This equals the marginal rate of substitution between labour and leisure. The main assumption here is
that time is limited and must be allocated.

47Is determined as difference between the value of alternative use and the value of time in any partic-
ular use (DeSerpa, 1971, p. 833). The time is defined as “a means for the consumption of market goods
and services, just as money is a means for the purchasing. In its role as a commodity, time in a specific
activity is not the same commodity as time in another activity”(Hensher, 1997, p. 252). The goal is to
show difference and heterogeneity between different activities. This means that if work is disliked more
than travel, then the value of travel time is higher than the wage rate (Nordström et al., 2019, p. 214).
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proach (Borzykowski et al., 2017, p. 156). Other alternative approaches include asking

the consumers/users directly via stated preference techniques (e.g. CV method) about

their WTP value of time. These methods are criticised for the hypothetical bias. This

mix of revealed and stated preference techniques is also applicable in the literature,

e.g. a combination of TCM and CV method (Czajkowski et al., 2019). In addition, it is

important to mention that the majority of time research, in particular in transportation

and recreation economics, is related to the “travel” time to the site and not “on-site”

travel time.

When considering a standard TCM, there is a debate on the inclusion of “on-site”

time costs into the model. For a long time this type of costs was either completely

ignored or considered to be endogenous (McConnell, 1992, p. 918). Parsons (2003,

p. 286) advises to include time travelling to the site as well as “on-site” travel time.

This difference is also important in the context of the UCM. When using some free

digital products, the user does not have the so-called “travel” time costs. Due to the

high speed of current internet connections, counting the time required to access digi-

tal products is no longer relevant. What is important is the inclusion and calculation

of the costs of using this free digital product “on-site”, i.e. the actual time spent us-

ing it. Therefore, the UCM will include only the “on-site” time usage costs. We cal-

culate the opportunity cost (OC) of “on-site time” as one-third of the individual’s in-

come (wage),following the recommendations of Parsons (2003, p. 285), Cesario (1976),

Amoako-Tuffour and Martinez-Espineira (2008) and Czajkowski et al. (2019, p. 964).

Using the logic of Borzykowski et al. (2017, p. 156), we define the formula for the

calculation of the OC as follows:

OCi = Ci · Ti

Ci =
1
3
· Incomei ·

1
Hi · 60

where

OCi is the opportunity cost of the time spent on the given free digital product by

the individual i per one visit,

Ti is “on-site” time spent by using a given free digital product by the individual i,
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Ci corresponds to the individual opportunity cost of time per minute on a given

free digital product,

Incomei is the monthly income of the individual i declared in the questionnaire,

Hi is the average number of working hours per week/per month of the individual i

declared in the questionnaire.48

We also assume here that the demand curve for the free digital product, showing

the relationship between the opportunity cost per visit and the number of visits, has

a downward slope. The more valuable a user’s time, the more that time is worth, and

consequently the fewer visits that user will make.

3.5.3.4 Value of personal data and user’s attention

The next component of the usage costs is the value of personal data of users (PD).49

Each day consumers exchange their personal information on the access and usage of

free digital products. Hence, the costs of selling this personal data should be also in-

cluded in the model. It is also one of the most complex and controversial topics in

recent literature and can be seen as an independent research issue. Moreover, inclu-

sion of this sub-variable into the model depends strongly on the contribution of the

personal data in the free digital product itself. As mentioned earlier, free digital prod-

ucts have some particular features and one of them is the quasi-heterogeneous nature

of products. E.g. Facebook is a company that is closely related to the collection and

processing of personal data. In contrast, companies that offer free translation services

(DeepL, Google Translator) have less access to personal data if you are not registered

there. In any case, one can continue to use these free translation services without reg-

istering. This cannot be done with Facebook, if one wants to see the full information

of some pages.

Personal data cover not only personal data, which users give voluntary to the com-

pany, but also the user’s attention. The latter is actively used by companies offering

free digital products when displaying targeted ads to the user. The attention factor

represents the number of undesired information, which we receive using the free dig-

48This is multiplied by 60, because Hi is represented in hours and since our final variables (Ci and
OCi) are in minutes, we convert hours to minutes (1 hour = 60 minutes).

49This paper uses the following definition of the personal data:“Personal data - is any information
relating to an identified or identifiable individual (data subject)” (OECD, 2013b, p. 13)
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ital products. For most free digital products providers, advertising can serve as one of

the main sources of income. However, exactly how the attention factor can be assessed

is not clear. One way is to calculate the number of clicks on different ads while using

the free digital product and then calculate the monetisation of those clicks.50 In gen-

eral, the calculation of the value of personal data and the attention factor are mixed

with each other.

There are two main approaches to measuring the monetary value of personal data:

based on market valuation (firm’s perspective) and based on individual valuation (in-

dividual perspective) (OECD, 2013a, pp. 5-12). To estimate the value of personal data

from the firm’s perspective one may look at the main financial indicators of the market

valuation: the stock value of a firm (market capitalisation), the revenues of the firm

and average revenues per data record/user (profits minus costs) (OECD (2013a, pp.

19-22); Lieshout (2014, pp. 5-6)). Among these three methods, the third one - average

revenue per record/user, may give the best estimate. This is especially true for those

companies that generate income mainly through the use and processing of personal

data (e.g. Facebook). To use the prices of data brokers or cyber-crime (illegal) markets

is another possible option to estimate the value of personal data. Finally, the economic

cost of a data breach may also reflect the value of personal data.

All proposed methods have their benefits and drawbacks. One of the main advan-

tages is the ease of identification. The disadvantage is the complexity and breadth

of the financial indicators, which can eventually cover not only the value of personal

data, but also many other components. It is therefore important first to determine the

company’s sources of income, whether they are based primarily on personal data or

other sources.

The second point of view in the literature, is to define the value of personal data

from the individual perspective. One reason for this is that people assess personal data

themselves in different ways. As a OECD Report mentions (OECD, 2013a, p. 30), the

assessment may be done with respect to the “individual valuation of personal data”

and with respect to the “individual valuation of privacy”. This means an assessment

of the WTA some money in return to provide companies with personal data and of the

WTP in order to preserve their privacy. The estimation of WTA and WTP is mostly

50Normally this is achieved through a metric such as CPC (cost-per-click).
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done by using on-site or off-site surveys. Based on survey data such methods as con-

joint analysis, discrete choice experiments, generalised second-price auction mecha-

nism (Li et al., 2021) combined with regression analysis etc. are used to determine the

value of personal data for an individual. One of the advantages of assessing the value

of personal data from an individual point of view is to obtain a more accurate result

from individuals. One of the huge drawbacks of this approach is the dependence of the

results on certain behavioural factors, i.e. the condition, mood of the individual and

current situation. Moreover, the final outcome of a person’s decision depends largely

on the formulation of the question. The hypothetical bias is present as well. Hence, the

results may be biased and subjective. In the case of ZUCM, it is strongly recommended

to use more standardized methods for valuing the personal data, i.e. from the market

perspective. In the case of the IUCM, an individual evaluation is likely to prevail. Nev-

ertheless, one should take into consideration, which individuals are to be evaluated.

When it comes to a particular homogeneous “focus” group of individuals/users, then

using the first approach, from the market perspective, is more logical. In the end, one

should admit, that most of the valuations of personal data in the current literature are

carried out within the US market of personal data. Europe and other markets have a

more limited number of assessments.

We assume that when the demand curve for a free digital product is shown, where

the relationship between the costs (value) of personal data and the amount of demand

for the free digital product is presented, the following logic applies: the higher the

costs associated with personal data/the more valuable the personal data to the user, the

less the user will visit the product. Consequently, here we also have a falling demand

curve.

After a full description of all usage cost components, one may define total usage

costs (UCi):

UCi = SFi +OCi + PDi +Ai (55)

where

SFi is the adjusted subscription fee for Internet access in the zone i/of the individ-

ual(user) i regarding the use of a given free digital product,
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OCi is the opportunity costs of the time spent on some given free digital product

in the zone i/ by individual (user) i,

PDi is the value of personal data of the user i (in the zone i) when using a given

free digital product,

Ai is the attention factor of the user i (in the zone i) when using a given free digital

product.

In the empirical part of our UCM, we consider it is more logical to represent the

components not as their sum, but as individual variables. Because of the homogeneity

of the personal data variable within the group, we do not include this variable in our

empirical application. The attention factor is also not included due to lack of data.

Moreover, usage costs may not fully explain the demand for free digital product.

Demand usually also depends on such variables as age, marital status, family size,

and the usage costs of possible substitutes of the free digital product. The age of the

potential user may affect the frequency of use of free digital products. In the case

of social networking products (Facebook, WhatsApp, Instagram, etc.), young people

are expected to use them more often and more intensively than older people. Herzog

(2018, pp. 2, 13) examines the value of Facebook by measuring WTP and WTA and

finds that young people tend to give Facebook more value than older people. Mari-

tal status and/or family size also has the potential to affect the value of free digital

products. Married people with children are among those who are expected to use the

free digital products less intensively. Finally, it is also possible to take into account the

value of substitutes, which may affect the value of free digital products. Other possible

secondary variables are occupation and level of education. The inclusion of secondary

variables may vary and depend on the type of free digital products, country/regional

differences, focus-groups and other circumstances and attributes.

3.6 Usage Cost Model in Practice

3.6.1 A General Estimation Plan of the Model

In this following section a small simulation of the IUCM is conducted. According to

Parsons (2003), all TCM models considered in section 3.5.3 follow a common estima-

tion plan with eight steps. This plan also applies to the UCM:
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1. Define the digital product to be valued

2. Define the goal of usage and the frequency of usage

3. Develop a sampling strategy

4. Specify the model

5. Design and implement the survey

6. Measure the usage costs

7. Estimate the model

8. Calculate the usage value of digital products

Step 1 begins with the definition of the concrete digital products to be valued. This

step is very important due to the heterogeneity of free digital products. In our case we

want to estimate the value of the following free digital products: Facebook, Instagram

and WhatsApp. Facebook is a free social-media networking website, which provides

the possibility for people to exchange their thoughts, photos, links etc. It also serves

as a comprehensive platform for marketing, i.e. helps businesses attract target cus-

tomers. Instagram is a free social network, which allows people to share and exchange

their photos and videos as well as to promote their products. WhatsApp is one of the

free leading messengers, which helps people to communicate with each other, send

messages, audio and video. All products considered are free of charge.

Step 2. In general, all free digital products have the same single dominant usage goal as

platform visitation. A platform visitation goal may also be divided into more detailed

usage goals. In case of Facebook these could be: communication with friends, shar-

ing photos and videos, publishing some advertisements etc. And for all these detailed

goals one my construct an individual demand curve. This paper assumes that the con-

sumers have one general usage goal and estimates an aggregated demand curve. It is

better to use revealed preference techniques such as hedonic pricing or stated prefer-

ence methods such as CV or CM to examine attributes of free digital products and their

impact on the final price of it. The usage of the free digital products is investigated via

the number of sessions (visits) of these products within the week and month (why we
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choose the number of sessions and why this is a measure of determining the usage of

the free digital products was described in section 3.5.2).

Step 3. According to Parsons (2003), two basic sampling strategies in the TCM exist:

on-site and off-site sampling. In case of a UCM on-site sampling may be done only

by the company-owner of the free digital product. When the user visits the web-site,

an additional window on this web-page will invite a user to complete a survey/ques-

tionnaire. Or it may be done as well by monitoring the usage of the products by using

built-in metrics in the products. We do not have access to these metrics. Hence, this pa-

per chooses an off-site survey. The survey can be conducted personally/by phone/via

on-line form. We conduct the survey online. The survey has been conducted in Novem-

ber and December 2020 in Trier, in particular in the University of Trier. Overall, 41

persons participated in the survey. This focus group represents the group of scientists

and their usage of such digital products as Facebook, Instagram and WhatsApp.

Step 4 describes all variables which are used in the model to estimate the usage value

of free digital products.

• The dependent variable is the variable Sessions/Visits: Vi , which shows the num-

ber of accesses/visits to Facebook, Instagram or WhatsApp by one individual i

per week(month) to the given free digital product. This variable consists in the

survey of both, certain numbers (e.g. 1,2,3 etc.) and binned (e.g. 10-20, 21-30,

31 and more) data. In the case of the binned data with closed intervals the bin

midpoint method is applied51. In the case of open intervals, the lower limit of

the open category applies (Faia (1981, p. 1098), Parker and Fenwick (1983, p.

873), Celeste and Bastos (2013, p. 169)).

• Independent variables include usage costs UCi and some additional secondary

socio-economic variables of a person i. Usage costs consist of these three variables.

They are: a subscription fee for Internet access for individual i (SFi), opportunity

costs of the time spent by the individual i in Facebook, Instagram or WhatsApp (OCi),

value of personal information of user i in case of Facebook, Instagram and WhatsApp

51This method suggests to assign within each bin b = 1, ..,B the nb visits to the bin midpoint mb =
(lb +ub)/2 (von Hippel et al., 2017, p. 5).
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(PDi). Due to the limited possibilities of measurement of the attention factor 52,

this variable is not included in the current empirical simulation.

An adjusted subscription fee for Internet access for individual i (SFi) per one visit is

the adjusted cost of the Internet access for individual i with regard to the con-

sumption of some given digital product per one visit. In order to calculate this

type of cost correctly, two details must be considered. Internet access can be ei-

ther mobile or fixed-line. The tariff used and its characteristics is also of interest.

The other point is that the total fee for Internet access must be adjusted to the

number of MB or GB/time spent directly on Facebook, Instagram or WhatsApp,

and their intensity. Additional questions in the survey are to be set to clarify all

these aspects.

Opportunity costs of the time spent by the individual i per one visit on Facebook, Insta-

gram or WhatsApp OCi reflect time costs of usage these free digital products. This

is probably one of the most controversially discussed questions in the literature

(see Section 3.5.3.3). The time spent on Facebook, Instagram or WhatsApp could

be investigated in another activity, it is the time of so-called lost opportunities.

The spent “on-site” time must be reflected in the total usage costs. In our practi-

cal application, we use the relationship between the wage rate and “on-site” time

and define “on-site” time usage costs as the product of one third of the wage rate

per user and time spent on Facebook, Instagram or WhatsApp. The wage rate

is determined in the survey through an income question. The data consists of

binned data. The same methods to the binned data apply here as in the case of

the variable Vi .

Our third variable is the value of personal data of users, PDi . Our practical appli-

cation may use, for example, the average revenue per user (ARPU) of Facebook,

Instagram and WhatsApp in Europe.53 An alternative is to use the calculated

value of personal data for Germany, based on the paper by Prince and Wallsten

52E.g., there is no way to accurately measure the number of clicks on the targeted ads. This can be
done explicitly by the owner of the free digital products.

53ARPU per month for Facebook and Instagram is calculated by the author on the basis of the avail-
able public information, published by Facebook and Statista (see Facebook Earnings Presentation Q4
2020 (Facebook, 2021), Statista (2021)). ARPU is calculated by dividing the total revenue received per
user by average number of user during a certain period of time. For Facebook this value is equal e4.68
and for Instagram e2.59. An average revenue per user for WhatsApp is taken as e0.26 per month (see
Trefis Team (2020)).

93



(2020). In this paper they calculate and distinguish for the first time the value

of personal data across different countries to reflect the regional peculiarities.

The value is calculated there using an individual approach and based on dis-

crete choice surveys, determining the WTA. These two approaches may be used

and chosen without conducting an individual evaluation because our simulation

assumes that there is a certain “focus” group of people whose preferences and

conditions can be assessed as quite similar. The assumption is therefore made

that the evaluation of personal data is homogeneous. However, this variable will

not be included in the final empirical application in this paper, as it is the same

for all users and does not make any difference.

The following secondary variables are used as well in our practical application.

They are: age, gender, marital status and family size (presence of children). The

value of substitutes is not taken into account here. Facebook in Germany is one

of the leaders in this kind of social platform. It cannot be compared to Twitter

or Telegram. Recently, however, Instagram is gaining popularity in this area as

well. A direct relationship between Facebook and Instagram was not found. That

is why the value of Facebook without substitutes is to be estimated. A possible

substitute for WhatsApp is Viber. Viber, however, is not as popular in Germany

as it is in other countries. Thus, in the case of WhatsApp, its estimated value is

assessed as well without any substitutes.

Step 5 is to design and implement the survey. The survey we conduct measures the

usage costs of a user. The survey is based on the questionnaire. The questionnaire can

be found in the Appendix G. This is an off-site survey that was conducted on-line. The

survey is divided into three parts:

• introductory material. Here one can read a few introductory remarks, explana-

tions of the purpose of the study and instructions for completing the question-

naire. The survey provides full confidentiality.

• collection of the relevant general and some socio-demographic characteristics of the

user: age, gender, marital status, family size, approximate average income per

month, working hours per week.
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• collection of the information regarding the user’s usage of Facebook, Instagram and

WhatsApp. The aim is to summarise the necessary information about the fre-

quency of use and MB(GB)/time spent by a person on Facebook, Instagram and

WhatsApp per week. It is also important to know the type of network used: mo-

bile or fixed-line and its provider (Vodafone, Deutsche Telekom etc.). This helps

to assess the Internet subscription fee more accurately.

Step 6 measures the usage costs based on the results of the survey.

Step 7 aims to estimate the model. Linear and non-linear forms of estimations are

used in the literature. However, a linear form tends to show a poor goodness of fit

in comparison to non-linear models (Vicente and Frutos, 2011, p. 46). Moreover,

linear models allow to predict negative and/or non-integer frequency (Borzykowski

et al., 2017, p. 152). Hence, most researchers prefer for the estimation of TCM counts

models such as Poisson or Negative Binomial models (Creel and Loomis (1990, p. 435);

Hellerstein and Mendelsohn (1993); Borzykowski et al. (2017, p. 152); Parsons (2003,

p. 286)). The number of sessions/visits of an individual i of Facebook, Instagram and

WhatsApp is a nonnegative integer. For this reason, the focus is on using count models

to evaluate the proposed UCM. The models are estimated by maximum likelihood.

Several possible modifications of count models are carried out. First, a simple Pois-

son regression is constructed. A dependent variable, Vi is assumed to have a Poisson

distribution with parameter λ, which is related to the regressors xi (these are our ex-

planatory variables such as usage costs of Facebook, Instagram and WhatsApp UCi

and secondary socio-economic variables Si). The variable Vi takes integer values from

0 to infinity. Hence, the probability that the user i visits Facebook, Instagram or What-

sApp in a certain period of time can be specified as (Greene, 2012, p. 844):

P rob(V = vi | xi) =
e−λiλvi

i

vi !
(56)

where λi reflects the expected number of sessions/visits of Facebook, Instagram or

WhatsApp per a certain period of time.
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The relation between λi and the explanatory variables xij can be parameterized by

the following semi-log models:

ln(λi) = x′iβ = βuciUCi or

ln(λi) = x′iβ = βsfiSFi + βociOCi and/or

ln(λi) = x′iβ = βuciUCi + βsiSi or

ln(λi) = x′iβ = βsfiSFi + βociOCi + βsiSi

The special feature of this model is that it is assumed, that the (un)conditional mean

and the (un)conditional variance of the dependent variable are equal. The violation

of this property is called “over-dispersion” (Greene, 2012, p. 844). Poisson models

often suffer from failure to meet this property. Hence, this feature that is sharply

criticized. “Over-dispersion” is the form of heterogeneity (Creel and Loomis, 1990,

p. 436) and describes the empirical finding that observed variation is higher than

would be expected (Dormann, 2016, p.1). Hence, the Negative Binomial model is also

constructed. This model relaxes the assumption of the “over-dispersion”. To eliminate

this problem, an individual, unobserved effect is introduced into the conditional mean

in the model. So, the models can be now specified as follows Greene (2012, p. 846):

ln(µi) = x′iβ + ϵi = βuciUCi + ϵi = ln(λi) + ln(ui) or

ln(µi) = x′iβ + ϵi = βsfiSFi + βociOCi + ϵi = ln(λi) + ln(ui) and/or

ln(µi) = x′iβ + ϵi = βuciUCi + βsiSi + ϵi = ln(λi) + ln(ui) or

ln(µi) = x′iβ + ϵi = βsfiSFi + βociOCi + βsiSi + ϵi = ln(λi) + ln(ui)

where ϵi reflects either the specification error term or the unobserved heterogeneity

of the user, an unobserved choice of the individual i to sessions/visits Facebook, In-

stagram or WhatsApp. The Negative Binomial probability of visiting/assessing a free

digital product with mean λi and variance λi + αiλ
2
i may be written as (Creel and

Loomis, 1990, p.436):

P rob(V = vi | xi) =
Γ (vi + (1/αi))

Γ (vi + 1)Γ (1/αi)
(αiλ

vi
i )(1 +αiλi)

−(vi+1/αi ) (57)
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where Γ indicates the gamma function. However, there are also other specifications for

probability functions (see Greene (2012, p. 848)).

Both above-mentioned models allow zero visitation rates. A lot of on-site surveys

have the problem that non-visitors are not observed. That means that these samples

have no zero observations. Hence, the estimation may give some biased results. There-

fore, in such cases the behaviour of the selected individuals is modelled by the Zero-

Truncated Poisson (ZTP) or Zero-Truncated Negative Binomial (ZTNB) models (Englin

and Shonkwiler (1995), Borzykowski et al. (2017, p. 152)). The ZTNB model corrects

not only the over-dispersion, but also truncation and endogenous stratification (En-

glin and Shonkwiler (1995, p. 107), Amoako-Tuffour and Martinez-Espineira (2008, p.

18)).

Our analysis is based on the Poisson and Negative Binomial models since the ap-

plied data includes the zero visitation rates as well. The selection between two models

can be made with the Pearson χ2 dispersion statistics (the dispersion ideally should be

1), log likelihood ratio tests and the Akaike Information Criteria (further - AIC) (the

lower is better).

Step 8 is the final step and consists of the following positions:

• determine the estimated parameters of regressions run in Step 7, including the

so-called shadow price for the user;

• model a predicted demand function of the relationship between the sessions/vis-

its of Facebook, Instagram and WhatsApp on the basis of the estimated parame-

ters;

• calculate the total consumer surplus of the product and then the individual con-

sumer surplus per user per week and month, which reflects their value of the free

digital product.

3.6.2 Empirical Application: Results

Four models have been constructed for Facebook, Instagram and WhatsApp (Poisson

and Negative Binomial models respectively). In each case, two models focus on the

relationship between usage costs (in particular, subscription fees (SF) and the oppor-

tunity costs (OC)) and the number of sessions/visits, the other two models include
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also additional variables (such as age, marital status, children and gender) that may

influence the visit frequency of users. The final sample for all models consists of 41

observations.

Estimation results of the models (Poisson and Negative Binomial) for Facebook,

Instagram and WhatsApp are presented in Tables 6, 7 and 8 respectively. All models

are presented using the robust (sandwich) standard errors.The results of the estimation

show a contradiction with our original hypothesis and economic justification.

Table 6: Facebook results.

Dependent variable:
Visits

Poisson negative
binomial

(1) (2) (3) (4)
SF 0.281 0.305 0.574 0.922

(1.084) (1.192) (1.216) (1.511)
OC 0.116 0.111 0.147 0.186

(0.089) (0.106) (0.114) (0.143)
Age −0.045 −0.066∗∗

(0.035) (0.032)
MS 0.334 0.193

(0.433) (0.425)
No Children −0.802∗ −0.898∗

(0.425) (0.471)
Gender −0.077 0.173

(0.397) (0.413)
Constant 3.539∗∗∗ 5.319∗∗∗ 3.500∗∗∗ 5.938∗∗∗

(0.231) (1.378) (0.242) (1.277)

Observations 41 41 41 41
Log Likelihood −1,058.246 −972.549 −187.068 −184.966
θ 0.540∗∗∗

(0.116)
0.594∗∗∗

(0.130)
Akaike Inf.
Crit.

2,122.491 1,959.098 380.136 383.932

Note:
Heteroskedasticity-
robust standard
errors in paren-
theses

∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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Table 7: Instagram results.

Dependent variable:
Visits

Poisson negative
binomial

(1) (2) (3) (4)
SF −0.452 0.658 3.979∗∗∗ 5.408∗∗∗

(1.244) (1.335) (1.317) (1.336)
OC 0.349∗∗∗ 0.280∗∗ 0.824∗∗∗ 0.846∗∗∗

(0.110) (0.112) (0.132) (0.129)
Age −0.141∗∗ −0.161∗∗∗

(0.068) (0.037)
MS 0.023 −0.589

(0.569) (0.560)
No Children −0.268 0.028

(0.577) (0.465)
Gender −0.117 −0.282

(0.469) (0.509)
Constant 3.178∗∗∗ 7.699∗∗∗ 2.580∗∗∗ 7.940∗∗∗

(0.279) (2.573) (0.315) (1.611)

Observations 41 41 41 41
Log Likelihood −1,239.364 −1,052.048 −151.843 −149.147
θ 0.227∗∗∗

(0.055)
0.263∗∗∗

(0.064)
Akaike Inf.
Crit.

2,484.729 2,118.097 309.685 312.294

Note:
Heteroskedasticity-
robust standard
errors in paren-
theses

∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01

According to the hypothesis formulated in the Section 3.5.2, the relationship be-

tween the usage costs (including subscription fees and opportunity costs) and the num-

ber of sessions/visits is negative. According to the empirical results, on the contrary,

the higher the usage costs (in particular, SF and OC), the higher the number of visits

to Facebook, Instagram and WhatsApp (a positive sign of the coefficients SF and OC).

For both, Poisson and Negative Binomial models, this trend applies.
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Table 8: WhatsApp results.

Dependent variable:
Visits

Poisson negative
binomial

(1) (2) (3) (4)
SF 3.858∗∗∗ 3.503∗∗ 3.983∗∗ 3.655∗

(1.381) (1.704) (1.586) (1.906)
OC 0.059∗∗ 0.031∗ 0.068∗∗ 0.037∗

(0.023) (0.017) (0.028) (0.021)
Age −0.003 −0.002

(0.009) (0.009)
MS 0.340∗ 0.362∗

(0.201) (0.217)
No Children −0.110 −0.142

(0.163) (0.190)
Gender 0.115 0.115

(0.120) (0.131)

Constant 4.492∗∗∗ 4.374∗∗∗ 4.482∗∗∗ 4.369∗∗∗

Observations 41 41 41 41
Log Likelihood −546.073 −504.037 −221.724 −220.395
θ 2.699∗∗∗

(0.635)
2.901∗∗∗

(0.691)
Akaike Inf.
Crit.

1,098.147 1,022.073 449.448 454.790

Note:
Heteroskedasticity-
robust standard
errors in paren-
theses

∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01

In almost all models (except Poisson and Negative binomial models for Facebook,

and Poisson models for Instagram for the coefficient SF), the coefficients of SF and OC

are statistically significant. This results in an upward slope of the demand curve for

visits of Facebook, Instagram and WhatsApp.

Other variables are also included in the regression to broaden the analysis. The

variable Age presents the negative sign in all models for all considered digital prod-

ucts. However, only for Facebook and Instagram is the coefficient statistically signif-

icant, suggesting that the older a person, the less visits has the product. The next

variable is marital status MS. This is a dummy variable (married - 0, not married -
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1). In almost all models (except WhatsApp), there is no significant impact of marital

status on visits. The variable No children is also a dummy variable (0 - with children, 1

- without children) is not significant in the case of Instagram and WhatsApp.

The results of the regressions for Facebook show a negative significant at the five

percent level association between the existence of children and the number of visits of

Facebook. People without children are more likely to visit Facebook than people with

children. The last variable Gender shows no significant impact on visits for all digital

products considered in all models. This means that there are no gender differences

when visiting Facebook, Instagram or WhatsApp.

We argue that the results of this empirical application are inconsistent and cannot

be taken to calculate the consumer surplus of a free digital product, and hence to de-

termine the value of this product. First, the number of observations is only 41, which

is clearly insufficient for a fully coherent empirical study. Secondly, our considered

group is quite homogenous; the third component of the usage costs (the value of per-

sonal data) is the same for all our users and hence, can not make a contribution to the

total usage costs. Hence, this variable, as well as the variable “attention factor” are not

included into empirical analysis. Thirdly, the list of observations includes people who

demonstrate abnormal behaviour, i.e. have low usage costs per one visit but do not

visit as much, and conversely, have high usage costs per one visit but visit a lot.

If the results were consistent, it would be possible to determine the predicted de-

mand curves of Facebook, Instagram and WhatsApp visits. And then calculate the

consumer surplus of the products and their value.

One important issue is also the choice between Poisson and Negative Binomial

models. As already mentioned in Section 3.6, one of the main drawbacks of Pois-

son regression is the assumption that the mean and variance of the dependent variable

are equal. It is assumed that the residual deviance to degrees of freedom should be 1,

otherwise the regression has overdispersion. To check the existence of overdispersion,

different tests are available (e.g. Pearson χ2 and Pearson dispersion statistics 54). The

results of the test are provided in Table 9. The results show the presence of overdis-

persion (greater than 1) for all Poisson models.

54In R function Pdisp package MASS.
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Table 9: Test results for overdispersion.

Model, digital product Pearson χ2 Dispersion

Poisson, Facebook 2180.40 57.38
NB, Facebook 32.15 0.85
Poisson, Instagram 2766.06 72.79
NB, Instagram 28.46 0.75
Poisson, WhatsApp 575.26 16.92
NB, WhatsApp 17.89 0.47

Overall, Negative binomial models have significantly better dispersion values than

Poisson models. The same holds true for the likelihood ratio tests (their values can

be founded in Tables 6, 7 and 8 respectively). Therefore, in all cases Negative bi-

nomial models are superior to Poisson models. In order to account for the problem

of over/underdispersion, heteroskedasticity-robust standard errors are applied for all

the models.

The other criteria for the choice between the models is the Akaike Information

Criteria, stated in Tables 6, 7 and 8. The Negative binomial models in all three tables

have a lower AIC than the Poisson models. Consequently, all above-mentioned criteria

provide clear evidence in favour of the Negative binomial models.

Finally, the consumer surplus may be determined. Consumer surplus is theoreti-

cally defined as the area under the demand curve and the market price of the product.

In our case, the real market price of free digital products is zero. However, we deter-

mined the shadow price, the actual price, which users pay for the product. Hence, the

area between the demand curve and the shadow price may be calculated and defined

as a consumer surplus.

The UCM has its own advantages and disadvantages. The advantages include that

the model is based on people’s observed behaviour and includes all possible compo-

nents that influence the user and represent a shadow price of usage. In addition, all

of today’s free digital products have the necessary statistics about the number of vis-

its/sessions, traffic consumed, time spent, etc., making it easier to collect and analyse

user behaviour and thus calculate the willingness to pay for a free digital product.

The disadvantages include a number of assumptions under which the model is sup-

posed to work. These include the uniformity of visits within a user based on traffic
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consumed, the rationality of users and the calculation of the opportunity cost of time.

The calculation of the value of personal data and the variable of the attention factor is

an additional hurdle.

Nevertheless, the empirical results in this paper show the inconsistency, we would

not completely reject this method as a possible method of economic evaluation of free

digital products. We propose to conduct a broader empirical application with many

more observations and more heterogeneous respondents to draw a final conclusion on

the applicability of UCM.

3.7 Concluding Remarks and Further Considerations

This paper explores different methods of economic valuation and pricing of free dig-

ital products and proposes an alternative way to calculate the economic value and a

shadow price of free digital products.

First of all, the features of free digital products have been listed. Based on the listed

features, a usage cost model has been proposed. A theoretical framework has been

described. Overall, the model consists of three steps: assuming and determining the

shape of the demand curve, determining the “shadow” price of free digital products

and the consumer surplus, and estimating their value.

It has been assumed that such products have a classical relationship between price

and quantity demanded. Consequently, the demand curve should have a standard

convex falling form.

The proposed usage cost model (UCM) considers the number of sessions (visits)

to a free digital product and the usage costs as the demanded quantity and “price”

of visits, respectively. The usage costs consist of the sum of variables such as, the

adjusted subscription fee for Internet access per one visit, the opportunity costs of time

per one visit, the value of personal data and the attention factor.However, due to the

homogeneity of the personal data variable and the lack of data regarding the variable

“attention factor”, these two variables are not included in our empirical application

later. Additional socio-economic variables (age, gender, marital status, presence of

children) have also been included in the analysis. The purpose of this study is to
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determine whether the proposed model and method are applicable to the economic

valuation of free digital products.

To demonstrate how the model works in practice, a survey within a small focus

group has been conducted. Based on the results of this survey, the model has been

implemented. As examples of free digital products have been chosen Facebook, In-

stagram and WhatsApp. Two types of regressions have been carried out: Poisson and

Negative Binomial regressions. However, the empirical results show an inconsistency

and hence are not used to calculate the consumer surplus and the value of free digital

products.The possible reasons for this, as well as the advantages and disadvantages of

the model, are discussed. One of the main advantages of this type of model is that it

is based on revealed rather than hypothetical preferences, which can help to estimate

economic value more objectively.

This study has introduced the model, which to the best of our knowledge, has not

been implemented and tested yet in the case of free digital products. This provides

an opportunity to test this model for the economic valuation and pricing of other free

digital products.

This work has its limitations, which are relevant for future research. It is important

to state that the goal of the paper was, first of all, to formulate a theoretical framework

and to introduce and incorporate an alternative measure of the value of free digital

products. The empirical part is represented by a small sample size to show how the

model works. For future research, a broader survey is recommended in order to ob-

tain more reliable and consistent estimates, and to make a final conclusion about the

applicability of the model. In addition, more precise calculation of variables such as

the value of personal data and the attention factor is needed. Moreover, due to the

specific characteristics of the free digital products, listed in Section 3.2, it makes sense

to study other examples of free digital products and the relationship between the price

and quantity demanded. Another interesting area for future research would be to use a

random utility model55 instead of a modified version of TCM to construct a consumer

demand and calculate the value of free digital products.

55Additional information about this kind of model one may find in Parsons (2003, pp. 296-324). The
consumer uses the product, evaluating not only the usage costs but also the quality of the product.
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Appendix F

Table 10: Groups of price definitions.

Source: Own creation based on Fetter (1912).
Variety Objective-exchange-value defini-

tions
Subjective-value definitions Ratio-of-exchange definitions

Non-
monetary
definitions

Price is defined “in terms of value
in the sense of purchasing power”,
not connected with the money ex-
pression. A. Smith (1776); T.
Malthus (1820); J. Mill (1821)
etc. According to A. Smith (1776):
“The real price of everything really
costs to the man who wants to ac-
quire it, is the toil and trouble of
acquiring it”.

Price is defined “in the sense of desirabil-
ity, estimation, subjective value”, not con-
nected with the money expression. J. P.
Say (1803); C. Menger (1871); F. C. Hicks
(1901) etc. According to Hicks (1901):
“Value when measured is expressed in
terms of the measure or unit of compar-
ison, and this expression is price. Price,
then, may be defined as value expressed in
terms of a measure” (Fetter, 1912, p. 791).

Ratio-of-exchange definitions. Price
is defined “in terms of value in the
sense of a mere ratio of exchange, or
bare mathematically”, not connected
with the money expression. G. Gun-
ton (1900), I. Fischer (1908). Accord-
ing to Fisher (1906): “Price - a ratio of
exchange. The value of goods (wealth,
property, service) is the product of their
quantity multiplied by the price” (Fet-
ter, 1912, p. 797).

Monetary
definitions

Price is defined “in terms of value
in the sense of purchasing power”,
related to monetary value. Ricardo
(1817); W. Perry (1878); Leroy-
Beaulieu (1887), Marshall (1890)
etc. According to Leroy-Beaulieu
(1888): “When value is estimated
in money it takes the name price”
(Fetter, 1912, p. 789). It makes
sense to add K. Marx here, because
he interpreted price in monetary
terms as well.

Price is defined “in the sense of desirabil-
ity, estimation, subjective value”, related
to monetary value. J. Kudler (1845); E. B.
Andrews (1888); A.S. Johnson (1909) etc.
According to Gide (1891): “Value is de-
sirability. The price of an object .. is its
value expressed in terms of money” (Fet-
ter, 1912, p. 792). Marginalists are another
example in this category. Depending on
the time period of the commodity (short or
long), the price can be influenced either by
supply or demand. The Marshall demand
curve shows prices, which are the amount
of money that the consumer is willing to
pay to purchase a certain amount of a good.

Ratio-of-exchange definitions. Price
is defined “in terms of value in the
sense of a mere ratio of exchange, or
bare mathematically”, related with the
money expression. W. Jevons (1871), E.
Rambaud (1895), H. Davenport (1908).
According to Jevons (1888): “Value im-
plies, in fact, a relation. Value ...not an
object, but a quality of an object”. E.
Rambaud (1895) continues his idea and
defines the price as the monetary form
of value, i.e. a ration of exchange (Fet-
ter, 1912, p. 794).
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Appendix G

Survey

Introduction

Thank you for participating in this survey. We are researching the economic value

of Facebook, Instagram and WhatsApp. This survey is used for our research paper.

Please read each question carefully. It will take about 10 minutes to answer the ques-

tions. All data is processed and considered anonymous and confidential.

General questions:

1. What is your gender?

(a) Male

(b) Female

(c) Other/Prefer not to disclose

2. How old are you?

3. Are you married?

(a) Yes

(b) No

4. How many children do you have?

(a) 0

(b) 1

(c) 2

(d) 3 or more

5. How many hours per week do you work?

(a) 40

(b) 30

(c) 20
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(d) 10

(e) other, specify:

6. Please indicate your total gross income (before taxes and other deductions) for

the last month:

(a) 1000 - 1500

(b) 1501 - 2000

(c) 2001 - 2500

(d) 2501 - 3000

(e) 3001 - 3500

(f) 3501 - 4000

(g) 4001 - 5000

(h) 5001 - 6000

(i) 6001 - 8000

(j) 8001 - 10000

(k) 10001 and more

7. What is your average cost of mobile56 Internet access per month (in the case of

fixed tariffs - the average cost of the total subscription fee)?

(a) I do not use mobile internet

(b) less than 10 Euro

(c) 10

(d) 11-20

(e) 21-30

(f) 31-40

(g) 41-50

(h) 51 and more

8. Which provider do you use in case of mobile Internet?

(a) I do not use mobile internet

(b) Vodafone

(c) Deutsche Telekom

(d) O2 – Telefonica

56Mobile Internet access means the access to the Internet from mobile devices (smartphones, tablets,
portable modem, USB wireless modem etc.) through a mobile network.
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(e) 1&1

(f) Unitymedia

(g) Other, specify:,

9. If possible, could you please name the tariff that you use for mobile internet?

What is included in this tariff (how many minutes/megabyte or gigabyte, or you

have unlimited minutes/megabyte)?

10. What is your average cost of fixed-line57 Internet access per month (in the case

of fixed tariffs - the average cost of the total subscription fee)?

(a) I do not use fixed-line internet

(b) less than 10 Euro

(c) 10

(d) 11-20

(e) 21-30

(f) 31-40

(g) 41-50

(h) 51 and more

11. Which provider do you use in case of fixed-line Internet?

(a) I do not use fixed-line internet

(b) Vodafone

(c) Deutsche Telekom

(d) O2 – Telefonica

(e) 1&1

(f) Unitymedia

(g) Other, specify:,

57Fixed-line Internet access means the access to the Internet via cable, which uses metal wire or
optical fiber telephone line. This type is typically used at home and/or offices.
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12. If possible, could you please name the tariff that you use for fixed-line internet?

What is included in this tariff (how many megabyte/gigabyte or you have unlim-

ited megabyte/gigabyte)?

109



Usage of Facebook:

1. Do you have an account on Facebook?

(a) Yes

(b) No

2. Over the last week how many times have you visited your account on Facebook?

(a) 1

(b) 2

(c) 3

(d) 4

(e) 5

(f) 6

(g) 7

(h) 8

(i) 9

(j) 10 -20

(k) 21- 30

(l) 31 or more

3. How many minutes per visit do you spend on Facebook?

(a) 1-5

(b) 6-10

(c) 11-15

(d) 16-20

(e) 21-30

(f) 31-40

(g) 41-50

(h) 51-60

(i) more than 60

4. What type of device and network connection do you primarily use to access Face-

book?

(a) Smartphone/mobile network

(b) Computer, Laptop/fixed-line network

(c) Computer, Laptop/mobile network

Usage of Instagram:

1. Do you have an account on Instagram?
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(a) Yes

(b) No

2. Over the last week how many times have you visited Instagram?

(a) 1

(b) 2

(c) 3

(d) 4

(e) 5

(f) 6

(g) 7

(h) 8

(i) 9

(j) 10 -20

(k) 21- 30

(l) 31 or more

3. How many minutes per visit do you spend on Instagram

(a) 1-5

(b) 6-10

(c) 11-15

(d) 16-20

(e) 21-30

(f) 31-40

(g) 41-50

(h) 51-60

(i) more than 60

4. What type of device and network connection do you primarily use to access In-

stagram?

(a) Smartphone/mobile network

(b) Computer, Laptop/fixed-line network

(c) Computer, Laptop/mobile network

Usage of WhatsApp:

1. Do you have an account on WhatsApp?

(a) Yes

(b) No

2. Over the last week how many times have you visited WhatsApp?
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(a) 1

(b) 2

(c) 3

(d) 4

(e) 5

(f) 6

(g) 7

(h) 8

(i) 9

(j) 10 -20

(k) 21- 30

(l) 31 or more

3. How many minutes per visit do you spend on WhatsApp?

(a) 1-5

(b) 6-10

(c) 11-15

(d) 16-20

(e) 21-30

(f) 31-40

(g) 41-50

(h) 51-60

(i) more than 60

4. What type of device and network connection do you primarily use to access

WhatsApp?

(a) Smartphone/mobile network

(b) Computer, Laptop/fixed-line network

(c) Computer, Laptop/mobile network

5. What is your average data usage (in MB or GB) of Facebook, Instagram and What-

sApp over the last month?58

(a) Facebook:

58*In case if you use it primarly on your mobile device:

(a) Android system: Open the Settings of your mobile device, followed by Connections and then Data
Usage. After that select the menu Mobile Data Usage and find how many megabyte/gigabyte you
monthly spend on Facebook, Instagram and WhatsApp.

(b) iPhone system: Open the Settings of your mobile device, followed by Cellular and then Cellular
Data. There you are able to find how many megabyte/gigabyte you monthly spend on Facebook,
Instagram and WhatsApp.

In case if you use it primarly on your computer via fixed-line device:

(a) Windows system: Open the Settings of your computer/laptop, followed by Network and internet.
Click Data usage. After that select the menu Usage details and find how many megabyte/gigabyte
you monthly spend on Facebook, Instagram and WhatsApp.
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(b) Instagram:

(c) WhatsApp:

Thank you for taking the time to complete this survey.

(b) iOS system: Open the Settings of your mobile device, followed byCellular and then Cellular Data.
There you are able to find how many megabyte/gigabyte you monthly spend on Facebook, Insta-
gram and WhatsApp.
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Appendix H

Table 11: List of variables defined

Variable Definition

UC Usage costs by individuals using Facebook, Instagram or What-
sApp.
Usage costs consist of the sum of the following three components:
a subscription fee for Internet access, the opportunity costs of the
time spent using free digital products, and the value of personal
data of users.

Visits Dependent variable. Number of sessions/visits to the free digital
product by users during the month.

Age Age of users using Facebook, Instagram and WhatsApp.
MS Marital Status. Married = 0, unmarried = 1.
Children The presence of children. If user has children = 0, no children =

1.
Gender Male = 0, Female = 1.
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