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In several jurisdictions, like the European Union and California, consumers now have a legal right to port the
data that a company has collected about them to another service. This has spurred the emergence of personal
data brokers (PDBs), which offer consumers financial rewards for access to their personal data collected by
large online content and service providers (CSPs). Using a game-theoretic model, we investigate how PDBs
affect market outcomes in the data economy and under which conditions users will indeed benefit from them.
Across several model variants, we find that in markets with a PDB two main equilibrium outcomes exist.
First, a minimum income equilibrium can arise, where the PDB only pays a minimal reward, and the CSP
lowers its service quality in the long run, leaving consumers worse off than without a PDB. Second, a positive
income equilibrium can arise, where the PDB pays significant rewards to consumers, and the CSP’s quality
may be higher or lower depending on the PDB'’s efficiency on the data market. Whether consumers are better
off in this equilibrium depends on the relative strengths of three effects that we characterize formally and
denote as competition effect, displacement effect, and appropriation effect. Consumers will only benefit from
a PDB if it can sell their data efficiently; but in this case, the CSP will also demand a higher (non-zero) price
for using its service. Thus, our results bear important managerial and policy implications for data-driven

business models and the regulation of data access and portability.
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data-driven business models

1. Introduction
The idea of personal data brokers (PDBs) dates back to Laudon (1996), who envisioned the creation
of a national information market, where data subjects can deposit their information in bank-like

institutions and are compensated for the use of their data. However, only recently have such PDBs
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emerged in practice. Start-ups' like Datacoup, Datum, Universal Basic Data Income, or Wibson
promise to empower Internet users by offering them financial rewards for access to (personal) data
that they have already revealed when using content and service providers (CSPs), such as web
giants like Facebook or Google. PDBs seek to collect, store, and aggregate the data of many users,
hoping to be soon in a position where they can compete with the large CSPs on the market for
data (e.g., advertising or consumer analytics). PDBs often integrate functionalities of personal
information management systems (PIMS), which allow Internet users to store, manage and monitor
their personal data from various CSPs in a single information system under the control of the
user (Abiteboul et al. 2015). For instance, Universal Basic Data Income partners with Digi.me, a
PIMS where consumers can aggregate data from multiple sources, including Facebook, Google and
Amazon (Digi.me 2020). Consumers may, for example, store personal financial data (e.g., credit
and debit card accounts), purchase histories and social media content and then sell access to the
entire data set through Universal Basic Data Income.

Thus, PDBs enable fine-grained control over access and monetization of personal data and are
therefore considered as an important and promising building block for a fair and transparent data
ecosystem (European Commission 2016), not the least because they may limit the market power of
large CSPs on data markets. Most notably, the European Commission (2020), in its recent “Euro-
pean strategy for data”, refers to PIMS as important new intermediaries to empower individuals in
the personal data economy. Therefore, the emergence of PDBs, which rely on access to user data
from CSPs, is also facilitated by recent regulation, such as the General Data Protection Regulation
(GDPR) in the European Union and the California Consumer Privacy Act (CCPA). Both GDPR
(Article 20) and CCPA (Section 1798.130(a)) grant users in their respective jurisdiction a right to
access the data stored about them at any CSP free of charge and in machine-readable format, so
that the data can be transferred to another provider at relatively low transaction cost.?

However, our analysis shows that even with widespread adoption of PDBs, it is not self-evident
that PDBs will ultimately benefit consumers. The reason is that CSPs will likely strategically react
to the advent of PDBs and adapt the quality and price of their service. We explore such strategic
interactions in a game-theoretic model, which allows us to characterize the market conditions and
outcomes under which PDBs can actually increase consumer surplus. More specifically, we consider
a model, where a CSP offers consumers a service and invests in the quality of this service. A

service of higher quality is used more by consumers. In addition, the CSP may charge a price

! Datacoup: https://www.datacoup.com, Datum: https://www.datum.org, Universal Basic Data Income: https:
//www.ubdi.com, Wibson: https://www.wibson.org

2 Although it is technically possible to access user data from CSPs through application programming interfaces or by
providing the PDB with the login credentials to the CSP’s service, transaction costs and legal uncertainties (Koebler
2016) constituted significant obstacles to widespread adoption in the past.
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or pay a subsidy to consumers for using the service. Higher usage of the service allows the CSP
to collect more user data, which it then can sell on the data market, e.g., to advertisers. We
fully characterize equilibrium outcomes in a market setting with and without a PDB that rewards
consumers for data access and competes with the CSP on the data market. In particular, we analyze
the effects of a PDB on the CSP’s incentive to invest in quality and to raise its price. Most notably,
we identify three, partially countervailing, economic effects that jointly determine the prevailing
market outcome. First, competition by the PDB lowers the CSP’s revenues on the data market,
which in turn provides the CSP with a lower incentive to invest in service quality. We denote this as
the competition effect. Second, the financial rewards offered by the PDB induce consumers to reveal
more data to the CSP, irrespective of its service quality. This lowers the CSP’s incentives to invest
in quality even further, because the PDB’s rewards act as a partial substitute to service quality.
This is the displacement effect. Third, the PDB’s rewards to consumers are partially appropriated
by the CSP through a price increase. This gives rise to the appropriation effect, whereby the CSP
has incentives to increase its service quality, because this will generate more user data that can be
rewarded by the PDB, and consequently more surplus that can be appropriated by the CSP.

Whereas the competition effect is well-known, the displacement and appropriation effect have
so far not been identified in the academic literature, but bear important managerial and policy
implications. In particular, we find that the appropriation effect can fully offset the competition and
displacement effect, and in this case, the PDB may even increase the profit of the CSP. Remarkably,
in this case also consumers benefit the most, despite having to pay higher prices for the service.
This is because the appropriation effect becomes stronger, as the PDB becomes more efficient in
selling user data on the data market. However, if the PDB is of low efficiency, then the competition
and displacement effect are likely to be dominant, leading to a low service quality, low rewards by
the PDB and a consumer surplus that is lower than in a market without PDB. In several extensions
of our base model we show that these results are robust for market settings with competing CSPs,
when consumers have (transaction) costs for using the PDB, and when CSP and PDB can invest
in data analytics technology in order to improve their efficiency on the data market.

The insights of our model are consistent with the empirical observation that PDBs are not yet
firmly established in the data economy, and that the rewards that users can receive are often
very low (Harrison 2018), despite the regulatory backing that enables consumers to transfer data
to PDBs and a growing awareness of consumers that their personal data is worth real money.
In fact, there are also several examples of PDBs that have failed®, leading some observers to
question whether “such markets for personal data could ever be successful” (Acquisti et al. 2016,

3 For example, Datacoup announced in November 2019 that it would close and had never actually sold any user data.
(Datacoup 2019)
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p.480). Our model shows that in fact three main market outcomes can emerge, depending on the
PDB’s efficiency on the data market and consumers’ transaction costs for using the PDB. If the
PDB’s efficiency is low (or transaction costs are high), the PDB is not adopted by consumers
and fails. If the PDB’s efficiency is intermediate (or transaction costs are intermediate), the PDB
will offer consumers only the minimum feasible reward, which is just high enough to ensure their
participation. We denote this as the minimum income equilibrium. Although all consumers use the
PDB, rewards are low and overall consumer surplus is lower than without the PDB due to the
competition effect. If, however, the PDB’s efficiency is relatively high (or transaction costs are low),
then the PDB will indeed offer rewards to consumers that exceed the transaction costs for using
the PDB. We denote this as the positive income equilibrium. It reflects the state that is envisioned
by policy makers and start-ups. However, even in the positive income equilibrium, consumers may
be worse off than without PDB, due to the competition and displacement effects. Moreover, in the
positive income equilibrium the CSP fundamentally changes its business model and does not offer

its service for free anymore, but charges a positive price instead.

2. Related Literature

Our study relates to several streams in the economic, legal and technical literature. First and
foremost, we contribute to the emerging literature on the economic impact of data brokers and
information intermediaries, which collect and aggregate data from various sources, and facilitate
the exchange of data beyond bilateral data sharing (Federal Trade Commission 2014). Several
game-theoretic analyses investigate market settings with a monopolistic data broker that sells con-
sumer information to retailers in downstream markets, where the data is used for better demand
forecasts (Bimpikis et al. 2019), for targeted pricing (Belleflamme et al. 2017, Bounie et al. 2018,
Braulin and Valletti 2016, Montes et al. 2018) or for targeted advertising (Bergemann and Bon-
atti 2015). For a monopolistic data broker, Braulin and Valletti (2016) and Montes et al. (2018)
show that it is optimal to rely on exclusive contracts when selling a single data set of consumer
information in business-to-business transactions. In contrast, Belleflamme et al. (2017) and Bounie
et al. (2018) find that a data broker can increase its profit by serving more than one firm, but
only if the sale of distinct input data sets allows retailers to differentiate themselves and, hence,
competition in the downstream market is softened. Xiang and Sarvary (2013) find that exclusive
contracting is also optimal for competing data brokers if competition in downstream markets is
strong. Moreover, Gu et al. (2019) and Ichihashi (2019) show that competing intermediaries try to
get hold of separate data sets or sell a joint data set in order to avoid the negative consequence of
competition. Specifically, Ichihashi (2019) highlights that the non-rivalry of data, i.e., the ability
to sell the same data several times to different buyers, diminishes intermediaries’ returns from data

brokerage, which ultimately reduces the compensation paid out to the original creators of the data.
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We built upon and extend this stream of the literature. In line with the literature on competing
data brokers, we assume that selling the same data to several data buyers — which is inherent
with a PDB in the market — will intensify competition on the data market. This gives rise to the
competition effect, which in our model also leads to a reduction in consumer surplus. However, our
analysis also reveals two additional economic forces — the displacement effect and the appropriation
effect — that may either reinforce or countervail the competition effect. Thus, we contribute to a
better understanding of data brokerage by shedding light on the interactions between data interme-
diaries and the consumers from which they collect data. Above and beyond the extant literature,
we explicitly take into account the interplay between monetary and non-monetary benefits offered
by firms to consumers when we characterize the welfare impact of PDBs.

Second, our study is related to the technical and economic design literature that studies systems
and institutions, which allow consumers to aggregate, retrieve, store and sell their personal data.
From a technical perspective, PDBs are closely related to Personal Data Stores (Moiso and Minerva
2012) or Personal Information Management Systems (PIMS), which store and process a user’s
personal data on user-controlled servers (Abiteboul et al. 2015). For example, consumers can use
PIMS to link and enrich web data that they have created at CSPs as a by-product of their online
usage. But PIMS can also be used to share data with third parties based on a fine-grained access
control (De Montjoye et al. 2014). In this vein, PIMS may serve as technical assistants to facilitate
the trading of personal information at external data market places or they themselves may operate
internal data markets, where trades between consumers and firms can be executed without an
additional intermediary. With respect to the latter, computer scientists have proposed several PDB
prototypes (see, e.g., Dao et al. 2018, Hynes et al. 2018), which execute data transactions in a
trusted environment and implement smart contracts based on Blockchain technology to guarantee
fine-grained user control over data transactions and data use (Zyskind et al. 2015).

The development of many PIMS and PDBs has been motivated by prominent calls for a paradigm
shift in the data economy, where consumers as data subjects are envisioned to be in full control
of their personal information and also share the monetary benefits from the use of their data (see,
among others, Kleinberg et al. 2001, Riederer et al. 2011, Posner and Weyl 2018). On the one
hand, monetary compensation is seen as a key requirement to satisfy basic principles of fairness
and to foster acceptance of data-driven business models. On the other hand, authors have argued
that explicit rewards can encourage consumers to provide new and more accurate data, and also to
provide personal data in a structured and processable format (Moor et al. 2018). Indeed, there are
several empirical studies that measure consumers’ willingness to accept a monetary compensation
for the disclosure of their personal data (see, e.g., the overview articles by Godel et al. 2012, Wagner

et al. 2018). Whereas the price of personal information in today’s digital economy is often implicit
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(Kummer and Schulte 2019), these studies show that a majority of consumers would be ready to
sell personal data to third parties if they received an explicit monetary reward.

Moreover, the economic literature has investigated various trading mechanisms and pricing mod-
els for data in general and for personal data in particular. Specifically, studies have proposed com-
pensation mechanisms for end consumers based on the quality and accuracy of the provided infor-
mation (Rice et al. 2004), the risk attitude of consumers (Aperjis and Huberman 2012, Gkatzelis
et al. 2015) and cooperative approaches that aim at a fair surplus distribution among data providers
(Chessa and Loiseau 2015). In our study, we follow this strand of the literature in considering
“bit-pricing” (see, e.g., Bergemann and Bonatti 2015), i.e., prices on the data market are based
on individual queries and revenue is proportional to the size of the sold data set. Furthermore,
we explicitly consider the endogenous effects of monetary compensation on consumer behavior,
which is neglected by most studies that assume a fixed amount of possible data disclosure per
individual. In this vein, our model offers a formal characterization of an equilibrium outcome in
which consumers will create and provide data as labor (Arrieta Ibarra et al. 2018). Most impor-
tantly, we complement the existing technical and economic literature on data trading institutions
by investigating the economic incentives and the strategic interactions of market players in the
digital economy. In particular, we model the PDB as a profit-maximizing firm as opposed to a
neutral (regulated) entity, which is often assumed in the technical and economic design literature.
Hence, we can derive managerial implications on the self-sustained economic viability of a PDB in
today’s online markets. To this end, we also analyze the novel competitive interaction of a PDB
with existing CSPs when collecting and selling data, whereas the extant literature has focused on
the direct bilateral trading relationships between intermediaries, consumers and data buyers.

Third, our study is related to the economic and legal studies of data ownership and especially
contributes to the debate on the economic implications of a right to data portability for consumers
in online markets. A mandatory right to data portability was first introduced in the European Union
as part of the GDPR in 2018. In this context, the European Commission (2017, 2020) has repeatedly
referred to PIMS as possible technical and economic instruments to realize the full benefits of
data portability. In particular, PDBs, which augment PIMS, may foster consumers’ control over
their personal data which is created, stored and analyzed at online CSPs (see, e.g., European
Data Protection Supervisor 2016). Outside of the European Union, initiatives like Mydata in the
United States (Honey et al. 2016) have aimed to facilitate consumers’ access to their personal data.
More recently, mandated data portability was introduced as part of the Right to Know in the new
Consumer Privacy Act in California.

Despite the practical relevance and increasing popularity of data portability among policy mak-

ers, analyses on the economic consequences of increased user control over personal information
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are still scarce. Both Kriamer and Stiidlein (2019) and Wohlfarth (2019) show that data porta-
bility is likely to have a positive effect on market entry by new firms, but consumers may suffer
due to more data collection by the incumbent in anticipation of the entry. Assuming the same
market setting, Lam and Liu (2020) highlight that CSPs’ use of data analytics technology can
significantly impair consumers’ ability to switch and transfer data between an incumbent and an
entrant, because inferred data from analytics is usually not subject to mandated data portability.
Given these conditions, a right to data portability may reinforce consumer lock-in and create entry
barriers. However, neither of these studies considers business models that remunerate consumers
for the transfer of their data, which may significantly alter consumer behavior. In fact, our results
highlight that rewarding consumers for their data (in excess of their transaction costs for transfer-
ring data) is a necessary condition to make them better off with data portability. We demonstrate
further that this is also the case if firms are able to invest in data analytics technology.

Finally, our study is related to the literature on data ownership and personal data as (intellectual)
property (see, e.g., Samuelson 2000, Schwartz 2004). Because personal data is usually created as
a byproduct of service usage (see Lefouili and Toh 2019), a PDB may not only affect consumers’
decision to provide data, but also elicit a strategic response from the CSPs that invest in service
provision and rely on the monetization of consumer data (e.g., through selling data sets to brokers
or by displaying targeted advertising). As emphasized by Duch-Brown et al. (2017), the distribution
of property and access rights significantly impacts the economic incentives to invest in the creation
and organization of databases. More specifically, Zhu et al. (2008) investigate the incentives of
database creators to bear the fixed costs that stem from creating and organizing a database if
other firms can reuse the contained data. They find that a low level of differentiation between the
original data set and the data of a free-riding secondary user might discourage the former to create
the data set in the first place. Compensating the creator for the reuse of data may in some cases
help to overcome this problem. As noted by Swire and Lagos (2013) the right to data portability
may exert a similar negative effect on firms’ innovation incentives and their willingness to compile
data sets. Indeed, this is what we denote as the competition effect. We formally show that it is the
dominant effect if the PDB is of low efficiency. However, we also identify a second, reverse form of
free-riding: if the PDB rewards consumers for the transfer of their data, the CSP has an incentive
to reduce investments in quality, because consumers’ usage of its service is now subsidized by the
PDB. As a result, due to this displacement effect, the CSP has an incentive to reduce its quality
even if it does not compete with the CSP on the data market. Therefore, the negative implications
for service quality of both the competition effect and the displacement effect must be considered

when assessing the ultimate welfare impact of data portability and a PDB on consumers.
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3. Monopolistic CSP without Personal Data Market
Before evaluating market outcomes with PDB, we consider a parsimonious benchmark scenario

with a monopolistic CSP, but without PDB. We denote this scenario by superscript M.

3.1. The Model

The basic set up in this scenario is as follows. The CSP has two streams of revenue. First, it can
charge a price for the usage of its service (which can also be zero or negative) to consumers. Second,
it can make additional revenues by selling the consumers’ data on the data market. The CSP can
strategically set both, the quality of its service, as well as the usage price in order to maximize
total profits. The higher the CSP’s quality level, or the lower its price, the more consumers will
use the service, and hence, more data can be sold. This basic setup is visualized in the left-hand

panel of Figure 1. The detailed model set up is presented below.

Figure 1  Market structure in the base model without (left panel) and with (right panel) PDB.

Without Personal Data Broker (M) With Personal Data Broker (MP)
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Consumers: We consider a unit mass of consumers. In the benchmark scenario, consumers have

utility , '
qr —*% — pr when using the CSP,
0 otherwise,

UM (x,p,q) = {
where x is the usage level of the CSP’s service, ¢ > 0 is the quality offered by the CSP and p is the
price that the CSP demands for using its service. Note that we allow for cases where the CSP sets

a negative price, i.e., where it compensates consumers for using its service.
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In consequence, a consumer will use the CSP’s service only (i.e., choose x > 0) if her utility from
doing so is positive. In this context, it is useful to think of x as the time spent at a CSP. We make the
assumption that utility is concave in x, i.e., utility increases in x, but that marginal utility decreases
in z. Therefore, there exists an optimal usage level x, depending on ¢ and p that users spend at the
CSP (see Casadesus-Masanell and Hervas-Drane (2015), and Lefouili and Toh (2019) for a similar
approach). Furthermore, we assume that the amount of data that can be collected by the CSP is
proportional to the consumers’ usage level. For simplicity, we measure the amount of data provided
to a CSP directly by x, but our results do not depend on this direct correspondence between
usage and data. This modeling approach captures the characteristics of many data-driven platform
services, where usage and data provision are inevitably intertwined. Note that all consumers have
the same privacy-related costs when using the CSP, which we normalize to zero.

CSP: There is a monopolistic CSP which makes revenues from two different sources. On the
one hand, it can charge consumers of its service a price p. On the other hand, it can sell the data
generated by consumers when using its service on the data market. By ’data market’ we denote the
market for various data-intensive service that can be supplied competitively, such as personalized
advertisements or advanced data analytics services. In the interest of a parsimonious model, we
do not model the market for data explicitly, but assume that a monopolistic CSP can sell its user
data x for d(z) =dxz.*

The CSP has two instruments to control the amount of data that users provide. First, the CSP
can invest in the quality ¢ of its service, for which we assume a standard convex cost function
C(q)= q2/2.5 A higher quality increases consumers’ valuation for the service and, thus, it increases
the time spent at the CSP’s website or application. Second, the CSP can influence usage through
the price p(x) = pz. Everything else being equal, a lower price will increase usage. Note that the
CSP may even choose not to charge consumers, but to subsidize usage by setting a negative price.
In practice, this does not have to be a direct monetary transfer, but could also be achieved, for
example, through coupons. Taken together, the CSP makes a profit of

2

I (z,p,q) = d(x) + pla) = Clg) = (d+p) = T (1)

4 Our results do not hinge on the linear relationship between data and revenue on the data market. For the insights
of the model it is important, however, that the CSP’s revenues on the data market are (weakly) concave, whereas
the costs to generate data through service quality are convex. This ensures that there exists a unique equilibrium in
which the CSP’s quality investment is bounded.

5 While it is important that the cost function is convex, its precise parameterization is not crucial for the insights of
the model. Therefore, we do not introduce additional parameters here. By varying the parameter d we can manipulate
the relationship between marginal costs for acquiring data and marginal benefits from data, which is sufficient for
the purposes of our model.
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Timing: In the benchmark scenario, the timing is as follows: In Stage 1, the CSP invests in
quality, ¢. In Stage 2, the CSP sets the price, p. Finally, in Stage 3, consumers choose their usage

level, z.

3.2. Equilibrium Derivation

We proceed by backward induction in order to determine the subgame perfect Nash equilibrium.
Knowing the quality and price of the CSP, in Stage 3 consumers maximize their utility by choosing
a usage and data creation level of ™ (p,q) =q —p.

In Stage 2, investment costs with respect to quality are sunk. Taking the effects on consumers’

M _ q—d

usage decision into account, the CSP maximizes its Stage 2 profit by setting a price of p 5

In Stage 1, the CSP determines the quality level of its service. When maximizing its profit over g,
it anticipates the effect of its choice on its own optimal price level p™(q) in Stage 2, as well as on
the optimal usage level of consumers z*(p,q) in Stage 3. The optimal quality investment is given

by ¢™ = d. Consequently, in equilibrium, we obtain:
d2
M=d, pM =0, 2M=4d, 11" = 5
4. Monopolistic CSP with Personal Data Broker
We now add a PDB to the benchmark scenario studied above. We denote this scenario by super-
script M P and sketch the market structure in the right hand panel of Figure 1. The model with
PDB is described in detail below and it represents the most parsimonious model that is needed to

show the three main effects of a PDB highlighted in the introduction.

4.1. The Model

PDB: For now, we assume that participation at the PDB does not incur any transaction costs,
such that all consumers use the PDB, provided it offers a positive reward for data.® In particular,
the PDB offers consumers a reward of r(z) = rx for their data. If consumers decide to use the PDB
they transfer their usage data x from the CSP to the PDB, e.g., by uploading their ported data,
providing the PDB with their login credentials, or through the use of an application programming
interface (API). Thus, we assume that the PDB has access to the same data x as the CSP.” Taken
together, the profit function of the PDB is

MMP(z,r)=dpd(z) —r(z)= (5 od —7) . (2)

6 We relax this assumption in Section 6.2.

" This assumption is not crucial and made in the interest of the model’s parsimoniousness. In Section 7.3 we discuss
how the model can be easily extended and interpreted for the case where only a fraction of the data can be transferred
to the PDB.
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Thereby, § € (0,1] models the intensity of competition on the data market. Due to the advent of
the PDB, the CSP cannot sell the user data exclusively anymore, which will likely reduce revenues
(cp. Section 2). Moreover, we assume that the PDB makes g € [0,00) times the profit from selling
data than the CSP. This allows us to capture the efficiency of the PDB on the data market relative
to the efficiency of the CSP. Note that for p > 1 we are able to model the situation in which the
PDB is more efficient than the CSP and can make more revenues on the data market (e.g., because
it has complementary user data from other sources that make the data more valuable). In reverse,
for o < 1, we can model situations in which the PDB is less efficient and makes less revenues on the
data market (e.g., because it lacks the data analytics capabilities to refine the raw data received).

CSP: The profit function of the CSP is the same as without PDB, with the exception that the

revenues from selling data are reduced by a factor of § due to competition by the PDB:
2

" (2,p.q) = 3d(x) + p(z) — Clq) = (5d+p)a - T

Consumers: The utility function of consumers is the same as without PDB, but now consumers

can additionally receive a reward of r(z) =rz from the PDB. We assume that consumers use the

PDB if the reward offered by the PDB exceeds their transaction costs. Thus, consumers use the
PDB for r > 0.8

qr— % — px+rx when using the CSP and PDB,

UMP(%HP’ r.q) =< qr — % — px when using only the CSP,

0 otherwise.
Timing: With the PDB, the timing is as follows: In Stage 1, the CSP invests in quality, ¢. In
Stage 2, the CSP sets the price, p, and the PDB sets the reward, r. Finally, in Stage 3, consumers

choose whether to use the PDB and choose their usage level, x.

4.2. Equilibrium Derivation
We again use backward induction to derive the subgame perfect Nash equilibrium. In Stage &
consumers determine their usage level by maximizing utility given ¢, p and r. Clearly, if » <0
no consumer would use the PDB and the same results as in the benchmark scenario would arise.
Assuming r > 0, consumers maximize utility by choosing ™% (p,r,q) =q—p+r.

In Stage 2 the CSP as well as the PDB anticipate consumers’ usage decisions and simultaneously
set p and r to maximize their respective Stage 2 profits. We derive the following equilibrium

candidate in Stage 2, given the CSP’s quality investment in Stage 1 (see Appendix A):

MP( N _ TfP(Q) = M(Qg;l)_q if ¢<q:=46d(20—1) —3e, 3
7 (q) MP o . _ (3)
Tm,in(Q) =€ lf q Z Q7
pPMP(q) = pﬂ\rﬂ)(q) ::M(L;Hq if ¢ <7, (4)
i (q) == % if g >7q.

8 We consider positive transaction costs in Section 6.2.



Haberer, Kramer, and Schnurr: The Economic Effects of Personal Data Brokers

12

Thereby € > 0 denotes the minimal feasible positive reward that the PDB can offer. In general,
the PDB’s optimal reward r™¥(q) is decreasing in the CSP’s quality investment ¢ in Stage 1. For
q > q, the PDB would even want to set a negative reward, r < 0. However, this cannot constitute
an equilibrium, since then, consumers would choose not to visit the PDB and the PDB would make
zero profit. Thus, in this case, the PDB sets the smallest possible reward, 7 = ¢ which is just
high enough to ensure consumers’ participation.

In Stage 1, the CSP anticipates the ensuing prices and usage levels and chooses how much to
invest in quality. The optimal quality level is determined by maximizing profits under consideration
that the price and reward structure in Stage 2 depends crucially on whether ¢ <. This means, the
CSP can strategically choose a quality level above or below g. Specifically, the CSP considers two
candidate equilibrium quality levels, which correspond to the quality levels that maximize its profit
under a positive income equilibrium and a minimum income equilibrium, respectively. This yields
q}'" = 25d(1+ o), which leads to the positive income equilibrium in Stage 2, and a monopoly-like
quality level of ¢MP = §d + ¢, which would just allow the PDB to set the minimum reward e. Which
candidate equilibrium investment is more profitable for the CSP, and thus chosen in this stage,

depends on the PDB’s efficiency on the data market (see Appendix A):

MP _ 2 /[ (3d+e)2
qMP — { . 6d(tg+ 1) 1f Y > Q - \/7 5242 (5)

P=dd+e if p<o.

qm mn

For ¢ <, it is profitable for the CSP to set ¢MI so that the PDB will just offer the minimum
reward in Stage 2. In contrast, for o > p, the CSP chooses a quality level ¢}”, which allows the
PDB to set a positive reward r}” > € according to the PDB’s unconstrained best response function
in Stage 2. Therefore, there are two types of subgame perfect Nash equilibria in pure strategies
that may arise depending on the efficiency of the PDB, p:

Positive income equilibrium (for 0 >9): In the positive income equilbrium the reward offered by
the PDB exceeds consumers’ transaction costs for using the PDB.

2 1 1 3
¢t = Z0d(o+1), pi'" = Z0d(30—4), ri" = Zod(40—3), 23" = Zod(e+1),

1 9
I = 7(52(12(@+1) i = 49((5d+5gd)

\]

Minimum income equilibrium (for o <p): In the minimum income equilibrium the reward offered

by the PDB just offsets consumers’ transaction costs for using the PDB.

MP 5d+e, pMP = pMP—¢ =dd+e,

qmm min mm

mMPr — = (5d+6)2, IME = (5d+ €)(0od — €).

min min
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Note that 9 — \/g —1~0.871 for € — 0. Thus, the minimum income equilibrium only emerges
if the PDB is less efficient than the CSP. In contrast, if the PDB is sufficiently efficient (o > 0.871,
i.e., even though it may still be less efficient than the CSP), the CSP will strategically adjust its
quality level in response to the existence of the PDB, and the PDB will offer users a positive reward

in equilibrium.

5. Comparison of market outcomes with and without Personal Data
Broker

Based on the insights from the previous two sections, we can now compare how a PDB affects
market outcomes. To this end, we investigate the impact of the PDB on the CSP’s price and profit
as well as on consumer surplus. First and foremost, we focus on the CSP’s quality, which allows
us to highlight the three fundamental economic effects that govern the strategic interplay between

the CSP and the PDB.

5.1. CSP’s incentives to invest in quality

Competition Effect: In both, the minimum income equilibrium and the positive income equilib-
rium, consumers will grant the PDB access to their data. We have assumed that this leads to a
decrease in the CSP’s marginal revenues from selling data by a factor of § <1, because the CSP
now competes with the PDB on the data market. This reduction in marginal revenue from selling
data has an immediate impact on the CSP’s marginal incentive to stimulate data creation through
its service quality. Indeed, with increasing competitive pressure from the PDB, the CSP reduces

9q
, <o,

its investments in quality further, i.e.
Insight 1 (Competition Effect)

In the minimum income equilibrium and the positive income equilibrium the CSP has a lower incen-
tive to invest in quality than without the PDB, everything else being equal, due to the increased

competition by the PDB on the data market. The stronger the competition, the stronger the reduc-

tion in quality investments % <0).

Although the competition effect is present whenever the PDB is active, it is most evident in
the minimum income equilibrium, because here it is the only effect on the CSP’s quality. This
is because the PDB’s (minimal) reward does not significantly influence consumers’ usage of the

CSP, everything else being equal. Recall that in the minimum income equilibrium the CSP sets a

monopoly-like quality level of ¢MF = dd +¢. For 6 =1 (and € — 0), i.e., without any competitive
impact of the PDB, the CSP would set the same quality level as without the PDB; but for any
0 <11t sets a lower quality level. This is demonstrated in Figure 2a for ¢ <.

In the positive income equilibrium (i.e., for o > p) two additional effects arise.
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Displacement Effect: For o > o, the PDB is willing to remunerate consumers for transferring
their data from the CSP to the PDB by offering a reward that exceeds the minimum reward e. It
does so to incentivize users to create more data (as g—f > () than they would otherwise do, given the
price and quality level of the CSP. However, notice that the PDB’s reward, r, and the quality, ¢,
of the CSP are strategic substitutes, as g—; < 0. Thus, in the positive income equilibrium the CSP
anticipates that the negative effect of a lower quality level on usage will be partially compensated
by the PDB through a higher reward. In other words, knowing that the PDB will set a positive
reward (in Stage 2), induces the CSP to set a lower quality (in Stage 1) than it would in the

minimum income equilibrium, everything else being equal.

Insight 2 (Displacement Effect)

In the positive income equilibrium (i.e., for o >70), the CSP has a lower incentive to invest in
quality than without the PDB, everything else being equal, because the PDB stimulates usage by
offering consumers a positive reward for data. This is independent of whether or not the PDB

competes with the CSP on the data market.

To see this formally, assume the CSP’s price is fixed at pg, but ¢ and r are endogenous and chosen
according to the best response functions. Now let us, hypothetically, compare the qualities that
would emerge in the positive income equilibrium and the minimum income equilibrium at p = 0.
It follows that A,_g:=¢}" —¢MP =—9% _ ¢ <0. That is, absent additional price effects, the CSP
will lower its quality below the level set in the minimum income equilibrium. Also notice that the
displacement effect is distinct from the competition effect and occurs even when the competition
effect is absent (i.e., for § =1).

The displacement effect can be best observed at the threshold g, when the market tips from the
minimum income to the positive income equilibrium (see Figure 2a). At this threshold, the CSP’s
price is close to zero (as it would also be without PDM), but the quality drops by about %5.9

Appropriation Effect: In the positive income equilibrium, the reward does not only depend on
the CSP’s service quality, ¢, but also on the efficiency of the PDB on the data market, o. When the
PDB becomes more efficient and can reap higher revenues from selling data, it increases consumers’
rewards for data in the positive income equilibrium, i.e., g—g > 0. At the same time, the PDB’s

(o)

s . . . apA/IP(q) 8r1w _
reward and the CSP’s price are strategic complements, i.e., - >0 and > 0 for o > p.

Hence, when the PDB offers a larger reward to consumers, the CSP will optimally increase its price

91In fact, the CSP’s price is slightly negative at this threshold and the quality drop is therefore slightly higher than
%54 This is because the CSP finds it more profitable to reduce the quality level even further (in Stage 1) than it
would at a price of p =0, in order to induce the PDB to set an even higher reward, i.e., to exploit the maximum
displacement effect. To counterbalance this decrease in quality in Stage 1 and its negative effect on usage, the CSP
subsidizes usage through a negative price in Stage 2.
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in order to appropriate part of the additional consumer surplus (see Figure 2b). Realizing that such

appropriation of the PDB’s efficiency gain is possible (in Stage 2), the CSP has an incentive to

increase its quality (in Stage 1), everything else being equal. In fact, notice from (5) that aqa_fip >0
in the positive income equilibrium (see also Figure 2a). This appropriation effect stems from the
fact that the CSP does not only anticipate how its investment will influence the PDB’s reward,
but also how it will affect its own price setting. Therefore, the appropriation effect can only exist

if the CSP is able to set a price on the consumer market.

Insight 3 (Appropriation Effect)

In the positive income equilibrium (i.e., for 0 >70), the CSP has a higher incentive to invest in
quality as the PDB becomes more efficient on the data market (o increases), everything else being
equal. This is because it is able to appropriate part of the additional consumer surplus created by

the PDB’s rewards by charging a higher price to consumers.

5.2. Impact of the PDB on market outcomes

Quality: As shown in the previous subsection, there are three countervailing effects of the PDB
on the CSP’s incentives to invest in quality. On the one hand, the competition effect and the
displacement effect lower the CSP’s investment in quality, on the other hand, the appropriation
effect has a positive impact on quality. Both, the appropriation effect and the displacement effect
are only present in the positive income equilibrium, but not in the minimum income equilibrium
(where the PDB’s reward and the CSP’s price are close to zero). Furthermore, the strengths of
these effects vary and crucially depend on the PDB’s efficiency on the data market po. While
the displacement effect is negative and independent of g, the appropriation effect is positive and
increasing in p. Consequently, for intermediate levels of g > ™" := g, the appropriation effect can
fully offset the displacement effect, leading to investments above the level in the minimum income
equilibrium. For high levels of ¢ > p?:= o < 2—75 — 1, the appropriation effect can offset both, the

competition and the displacement effect, leading to higher investments in quality than without the

PDB. This is illustrated for a numerical example in Figure 2a.

Proposition 1 (Quality Investment)

The impact of the PDB on the CSP’s investment in quality depends on the efficiency (o) of the
PDB on the data market. If the PDB is of low efficiency (0 <o), the CSP’s quality is reduced by
factor § due to the competition effect. At intermediate efficiency levels (o < o < ™" ), the CSP’s
quality is further reduced due to the dominance of the displacement effect over the appropriation
effect. At high levels of efficiency (o > 0?), the appropriation effect dominates the competition and
displacement effect, leading to a higher quality of the CSP than without a PDB.
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Figure 2 Quality, price and reward.

(a) Quality of CSP. (b) Price of CSP and reward of PDB.
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Note. Numerical example derived for § =0.7,d = 1, e = 0. Qualitatively similar results are obtained for other parameter

constellations.

Pricing: Without a PDB, the CSP finds it optimal not to charge consumers for its service and
to reap profits via the data market instead (p™ = 0). With a PDB, as long as the PDB is not
too efficient on the data market (o < 9), the minimum income equilibrium emerges and the CSP
still sets a zero price for its consumers (pMF =0, for € — 0). However, in the positive income
equilibrium, i.e., when the PDB is efficient enough such that it can properly reward consumers for
their data, the CSP departs from the zero price. Within the range 9 < o < o? := % the CSP chooses
a negative price, because the appropriation effect is still relatively weak at this efficiency level, and
the CSP exploits the displacement effect in order to economize on investment costs. For o > oP
the PDB’s efficiency is so high that the appropriation effect becomes more relevant, such that the
CSP begins to charge consumers a positive price in order to appropriate part of the surplus that
the PDB creates. Hence, as consumers receive a higher reward from the PDB, the CSP changes
its business model. Instead of relying only on revenues from the data market the CSP now also
generates revenues from consumers directly (see also Figure 2b). In other words, the CSP switches

from a free-to-use to a paid service.

Proposition 2 (Price structure)
If the PDB has a large competitive advantage over the CSP on the data market (o > o?), the CSP

charges consumers a higher price for the usage of its service than without a PDB.

Profits: The PDB’s profit generally increases with its efficiency, 0. However, as illustrated in
Figure 3a, the increase is not monotonic, as the PDB’s profit falls at ¢ =9 when the market
tips from the minimum income to the positive income equilibrium. This is, because the PDB has
to compensate for the displacement effect through an increase in the reward paid to consumers.

However, at high efficiency levels the PDB is better off in the positive income equilibrium.
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The CSP’s profit also (weakly) increases with the PDB’s efficiency. In the minimum income
equilibrium, the CSP suffers from the competition effect and its profit loss depends on ¢, but is
independent of ¢. In the positive income equilibrium, the PDB’s profit increases alongside the
appropriation effect, i.e., with o. In consequence, at high levels of o > o'l := \/g % — 1, the CSP can
generate higher profits in the presence of a PDB due to the appropriation effect. Furthermore, it is
easy to see that in the special case where there is no competition effect (6 =1), the CSP is always

weakly better off with a PDB.

Proposition 3 (Profits)
When the PDB’s efficiency on the data market is relatively high (o > o) the CSP makes larger
profits than without a PDB and, due to the appropriation effect, the CSP’s profit strictly increases
with the PDB’s efficiency.

Figure 3 Profits and consumer surplus.

(a) CSP and PDB profits. (b) Consumer surplus.
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Note. Numerical example derived for § = 0.7,d = 1, e = 0. Qualitatively similar results are obtained for other parameter

constellations.

Welfare: Finally, we also consider the impact of the PDB on the welfare of consumers. Without
the PDB, consumer surplus is CSM = UM (z™ pM ¢M) = d—;, and with the PDB it is
CSMP = MP (pzMP pMP [ MP (MPY_ {?9852(12(1 ;i— 0)? %f 0 >?,
5(6d+¢) if o<o.
Therefore, consumers are better off with a PDB if and only if o > 0“° := % — 1. This is illustrated
by Figure 3b. In general, consumer surplus is reduced in the presence of a relatively inefficient
PDB due to the competition effect and the displacement effect, which both lead to a reduction in
quality by the CSP. However, a relatively efficient PDB can offer high rewards, which leads to an

increase in quality due to the appropriation effect. Although part of the consumers’ surplus that
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is generated by the PDB’s reward is appropriated by the CSP through a positive price, consumers
can still be better off overall if the PDB’s efficiency level exceeds the threshold o > 0“°. Note
that 2¢“°/as > 0 , which means that it is less likely that consumers benefit from the PDB if the
competitive pressure exerted by the PDB on the data market becomes stronger.'®

Proposition 4 (Consumer surplus)

The PDB leads to an increase in consumer surplus only if it is sufficiently more efficient than the
CSP on the data market (i.e., o> 0%° := 3—76 —1). The stronger the competitive pressure (i.e., the
lower §) exerted by the PDB on the data market, the more efficient must the PDB be in order to

benefit consumers.

Figure 4 Market outcomes with PDB.
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Note. Figure derived for d =1, but qualitatively similar results are obtained for other values.

Figure 4 summarizes the results of this section and plots market outcomes with the PDB, depend-
ing on the efficiency of the PDB (p) and the competition intensity on the data market (1 —4¢). Low
levels of efficiency, i.e., ¢ < 0, always lead to a minimum income equilibrium without remunera-
tion for consumers. With a more efficient PDB, i.e., for 9 < o < o", a positive income equilibrium
emerges, in which the PDB is willing to offer a positive reward, but the CSP’s profit and consumer
surplus are still lower than without a PDB. For o' < o < ¢0“° the PDB increases the profit of the
CSP, but consumers are still worse off, despite the positive income from the PDB. Indeed, con-

sumers are only better off if the PDB’s efficiency is relatively high and the competitive intensity

10 Recall from Section 2 that this finding is consistent with the extant literature on competing data brokers.
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exerted by the PDB on the data market is not too strong. Thus, for o“° < ¢ < 07 consumers are
able to benefit from the PDB’s remuneration, although the CSP still offers a lower service quality
and demands a higher price than without the PDB. Finally, for o > p? consumer surplus, CSP’s

price and profit as well as service quality are all higher than without a PDB.

6. Model extensions

In the following we explore several extensions of the base model (see Figure 5). First, instead of a
monopolistic CSP, we consider a market structure where two CSPs compete for consumers’ atten-
tion and data. This allows us to study the impact of a PDB under varying degrees of competition
between CSPs. Second, we relax the assumption that consumers do not have transactions costs
for using the PDB and share data even for a negligible positive reward. Finally, we allow firms to
invest in data analytics technology and thereby endogenize the efficiency parameter o of the PDB.
While these extensions offer more nuanced insights, the main insights of the parsimonious base

model prove to be robust across all of these settings.

Figure 5 Model extensions.
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6.1. Competing CSPs and PDB
In the base model we have considered a monopoly CSP with market power. We now relax this
assumption by introducing a second, competing CSP in a duopoly framework a la Singh and Vives
(1984). This allows us to vary the degree of substitutability (v) between the services of the two
CSPs, ranging from independence (resembling the case of a monopoly) to perfect substitutability
(resembling perfect competition). Moreover, in this set up consumers determine endogenously how
much they use the service of a given CSP. In this sense, we also take into account that users can
multihome between CSPs. The timing is consistent with the timing in the base model: In Stage 1,
CSP A and CSP B simultaneously invest in quality. In Stage 2, the CSPs and, if present, the PDB
simultaneously decide about their prices and reward. Finally, in Stage 3, users decide how much
to use each CSP and profits are realized.

Duopolistic CSPs without PDB (D): In line with the model of Singh and Vives (1984), the
consumers’ utility in the absence of a PDB is:

1
UD(fUA’IL"B,PA,pB, QAaQB) =qATa — 590,24 —PATA+qBTB — 59623 —PBIB —YTATB,

where v € [0, 1) represents the degree of substitutability between the services with v = 0 correspond-
ing to independent services and v =1 corresponding to perfectly substitutable services. Moreover,
x; reflects consumers’ usage level of CSP i (i = A, B), p; the price charged by CSP i, and ¢; the
respective quality level. Although we have changed the demand structure in order to incorporate
competition, we otherwise assume the same profit function for each CSP as in equation (1) before.
Therefore, for v =0 the competitive case is reduced to the base model’s monopoly case, with two
monopolists in independent markets.

While we relegate the details to Appendix B, under competition two types of (symmetric) equi-

libria can emerge. First, for v <%~ 0.83 both CSPs will set a positive quality level,

D _ Zd(2_72)
IR R )

in Stage 1 and subsidize usage by setting a negative price p” < 0. Note that the model without

PDB has intuitive properties: As the degree of substitutability (respectively competition) between
the CSPs, ~, increases, the CSPs select a lower service quality in equilibrium (i.e., 94 /oy < 0) and
prices decrease (i.e., op /o < 0). Second, for very high levels of v > 7, both CSPs choose to supply
a service of minimal quality (qi’f’0 =0). In order to induce consumers to nevertheless use the service
(so that they generate user data) the CSPs choose to pay them a negative price pfo < 0, and resell
the data at a price of d > —pfo > 0 on the data market. Clearly, for v > %, even without a PDB,

competition is so intense that CSPs can merely act as arbitrageurs, ‘buying’ data from consumers
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and ‘selling’ it on the data market without offering a service (i.e., a zero quality service). In order
to make a meaningful comparison to the base model, in the subsequent analysis we will therefore
focus on the parameter range v <7, where the first type of equilibrium exists, i.e., where CSPs
compete in both, quality and price.

Duopolistic CSPs with PDB (DP): We now introduce a PDB in this duopoly framework. The
PDB collects user-generated data from both CSPs (A and B) and offers a reward r > 0 for each
data point. Thus, the consumers’ utility is now given by UP? =UP +r(z4 +x3). In Appendix B we
show that with a PDB for v <7 a minimum income equilibrium and a positive income equilibrium
can emerge, akin to the equilibria in the base model. When the PDB is relatively efficient on the
data market (o >2"”"), a positive income equilibrium with 72F > 0 exists. However, when the PDB

is relatively inefficient (o < EDP), then a minimum income equilibrium exists, in which the PDB

offers the minimum reward to secure user participation, i.e., 727 = ¢.1! In each type of equilibrium,
both CSPs will set their quality level as follows:
DP._ _d3(2y*—y=5)(1+0) —DP
pp_ )+ T @ (G-0-1-13 if o> (7)
i =Y pp . 2d5(2—77) £ o< 3PP
Gmin *= @B A=) 74 he=e

Comparing the CSP’s quality levels without PDB in equation (6) with the quality levels with
PDB in equation (7) reveals that, in the minimum income equilibrium, the PDB leads to a lower
quality level for § < 1. As in the base model, this is due to the competition effect. Likewise, as in the

base model, in the positive income equilibrium, the competition effect is complemented by the dis-
2(7*=2) (=29 ((=Dy=7)+13)

(v =2)(v=D)v(v+2)+4) (v(2v—1)—5)é

1, the appropriation effect dominates the displacement effect and the competition effect, such that

placement effect and the appropriation effect. For large o > p?PF :=

quality levels with PDB exceed those without PDB. Hence, the PDB has the same qualitative
effect in a market with competing CSPs as in a market with a monopolistic CSP (see Figure 6a).
In consequence, also Propositions 1 to 4 continue to hold qualitatively.

Proposition 5 (Competing CSPs)

When CSPs compete for users’ attention, a minimum income equilibrium and a positive income

equilibrium can emerge, like in the base model. Propositions 1 to 4 continue to hold qualitatively.

6.2. Transaction costs for using the PDB

In the base model we have assumed that consumers have zero transaction costs for using the PDB
and are willing to transfer their data for any positive reward. However, in practice, it is likely that
consumers have positive transaction costs, which may, e.g., arise from the need to set up a user

account at the PDB, to enter billing credentials, or to transfer data to the PDB, as well as other

1 To simplify notation and without loss of generality, we assume e =0 in the following.
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Figure 6 Qualities and consumer surplus with competing CSPs.
(a) CSPs’ qualities. (b) Consumer surplus.
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Note. Numerical example derived for § =0.7,d = 1,7 =0.5,e¢ = 0. Qualitatively similar results are obtained for other

parameter constellations.

opportunity costs. Transaction costs may also arise if consumers feel that the use of the PDB gives
rise to additional privacy risks. In such cases, consumers will adopt and use the PDB only if the
reward paid out by the PDB outweighs the transaction costs for using it. In reverse, this offers
new strategic considerations for the CSP, who can now foreclose the PDB from the market in an
effort to preserve its monopoly position on the data market. In the following we fully characterize
the more complex strategic interplay between the CSP and the PDB in this case.

Monopolistic CSP with PDB and transaction costs (TP): When consumers have transaction
costs k > 0, for using the PDB, their utility is given by

v+qx—3x® —pr+rz—k when using the CSP and PDB,
UTP(xapar)Q): v—i—qx—;

1% —pr when using only the CSP,
0 otherwise,

where v > k is the consumers’ base utility for using the CSP. This is to ensure that consumers can
always bear the transaction costs for using the PDB, even if the CSP offers zero quality, but yet
face a trade-off whether to use the PDB or not. The timing is the same as in the base model.

Again, we solve the game by backward induction.? In Stage 3, consumers choose how much to
use the CSP’s service exactly as in the base model, but decide to adopt and use the PDB if and
only if r& > k. In Stage 2, the CSP chooses its price and the PDB simultaneously sets its reward.
The PDB would like to set a reward according to its unconstrained best response function, denoted
by 7. (p,q). This corresponds to the best response in the positive income equilibrium in the base

12 For ease of notation, we do not label variables with superscript T'C' in this extension, unless it is necessary to
differentiate between variables.
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model. However, the PDB now faces additional constraints when choosing its reward. Evidently,
MP

the minimal possible reward of ;. = € does not attract consumers. Instead a minimum reward of
Tmin = FT¢/zTP is necessary to ensure consumers’ participation.'® But the PDB is never willing to
set a reward that exceeds its revenue on the data market, because this would lead to a negative
profit. Thus, for the PDB it must be possible to set a reward, r, such that r,,;, <7 <74 = ddo.
Otherwise, consumers would not transfer any data and the PDB would be foreclosed from the
market. Consequently, whenever r,,;, <74 (p,q) < T'maz, the PDB will choose r =, (p, ¢) in Stage 2,
and otherwise it will choose r = min{7,in, "maz |-

With transaction costs the CSP has to distinguish between two fundamentally different scenarios
when setting its price in Stage 2: the PDB may either be active, i.e., consumers will transfer their
data to the PDB in Stage 3 and the PDB competes on the data market; or the PDB may be
inactive, i.e., consumers do not transfer their data and the CSP can thus act as a monopolist on the
data market. With an active PDB the CSP earns the duopoly profit IM* (z,p, q), whereas without
the PDB, the CSP makes the monopoly profit IT™ (z,p, q). Because consumers’ decision whether
to use the PDB in Stage 3 depends also on the CSP’s price, the CSP can strategically foreclose
the PDB by setting a high price. In contrast, the CSP may also strategically use a low price in
order to facilitate the entry of the PDB in cases where the PDB would otherwise be inactive. As
we show formally in Appendix C this gives rise to five equilibrium candidates in Stage 2.

First, there exists a positive income equilibrium candidate, where the CSP plays its unconstrained
best response p, (r;,q) and the PDB responds with , (py,q). By definition, these are the profit-
maximizing strategies for both firms if price and reward are indeed feasible, which is the case if
and only if ¢ € [¢T"™, ¢'"**].

Second, there exists a minimum income equilibrium candidate. This exists only if the positive
income equilibrium is not feasible, because the unconstrained best response reward r is insufficient
to overcome consumers’ transaction costs. In this equilibrium the PDB sets the minimum reward
T'min, &S long as this does not exceed its revenue from the data market, i.e., 7,in < 7'pes. The CSP

then sets the price pni, according to its best response, which maximizes its profit TI"F(p,r,q)

subject to 7 = Tpin(Pmin,q)- This minimum income equilibrium is a generalization of the mini-
MP

mum income equilibrium described in the base model, where r,’ = e was fixed. However, for
Tomin(Pmin, @) > Tmaz(Pmin, ¢) the minimum income equilibrium candidate is unfeasible, because the
PDB would prefer to be inactive and to earn zero profit, rather than to pay out a reward r > r,,..
and make a negative profit. Therefore, the minimum income equilibrium candidate can only exist
if the CSP’s quality is sufficiently high, i.e., ¢ > ¢™" and the positive income equilibrium does not

min

exist, i.e., ¢ & [¢7"", "]

13 In order to further simplify notation and without loss of generality, we assume € =0 in the following.
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Third, there exists an accommodation equilibrium. In this case, the CSP sets a price p,., which
is just low enough so that the PDB is active and sets a reward of r = 7,5, = 7"jhee. Evidently, the
PDB will make (near) zero profit in this equilibrium and just compensates consumers for their
transaction costs. For the accommodation equilibrium candidate to be feasible, both the positive
income and the minimum income equilibrium candidates must not exist and the CSP must earn a
positive profit, which is the case for ¢'tf < ¢ <¢ri" and ¢ ¢ [¢7", 7"

Any of the previous equilibrium candidates, where the PDB is active, can only constitute an
equilibrium if the CSP does not have an incentive to strategically foreclose the PDB instead. The
CSP can always foreclose the PDB by setting a price higher than p,,.... This gives rise to two
additional equilibrium candidates, where the PDB is inactive.

Fourth, there exists a foreclosure equilibrium candidate, where the CSP strategically decides to
foreclose the PDB (instead of accommodating it) by setting a price p,ma.. + € > p™. Note that in
this case the unconstrained monopoly price p™ is not sufficient to foreclose the PDB. This occurs
whenever q > qj;*".

Fifth, and finally, there exists an unconstrained monopoly equilibium candidate where the CSP’s
unconstrained monopoly price is sufficient to foreclose the PDB, i.e., when p™ > p,a. + €. This
occurs if ¢ < ¢7**. In Appendix C, we analytically derive the exact thresholds for ¢ for which the

CSP would prefer either one of the two equilibria where the PDB is inactive instead of any one of

the three equilibria where the PDB is active, yielding the following Stage 2 equilibrium:

r(q) := %(29*1) if g€ [QTin, qTaz]’
re = —q—do+/(do+q)+8k . min ,max min ,max
T (Q)_ Tmin(Q) — V; q) lqumaX{qmm,qf }/\qé,é[q+ QY ],
lrmam =do Y Otherwise,
(p+(q) = o2 if g € g}, 7],
—3do+/(do+q)>+8k . min ,mazx min ,mazx
- Punin(a) i= NI i g sl e Aa g )
P @) =\ prman(@) =g+ do— 5 g€ (g animl Ag ¢ [aP g P,
p'rmaa:(q) +€ if q S [qﬁaw’ min{quzz(:lpmazv q}naw}],
pM=d if ¢ < min{gye®, ¢, ).

In Stage 1, the CSP selects exactly one of the five equilibrium candidates in Stage 2 by choosing a
certain quality level. Consequently, the equilibrium quality level can be found by first determining
the profit-maximizing quality for each individual equilibrium candidate within its feasible range
and subsequently choosing the quality level and associated equilibrium that results in the highest

CSP profit. In Appendix C we derive the CSP’s equilibrium quality investment in Stage 1:

gMP =25d(1 + o) if o> o™,
Grmin if o€ (omin, 071,
¢ = qin =2 —dé(o+1) if o€ (max{o}, oh*}, opin] V 0 € (i, min{ i, o7}
Grmas = 2L if o € (0", min{oye”, o]
g™ =d. if 0 <min{o}™*, o}

\



Haberer, Kramer, and Schnurr: The Economic Effects of Personal Data Brokers

25

The complete analytic characterization of the thresholds with respect to the exogenous parameters
k,d,v,6, and p is relegated to Appendix C. Instead, we offer an intuition for the various market
outcomes by means of a numerical example in the following. Figure 7 illustrates the resulting
equilibrium market outcomes for varying levels of transaction costs k and different efficiency levels o

of the PDB (holding the other parameters constant). It can be seen that all five equilibrium

Figure 7 Equilibrium market outcomes with transaction costs for using the PDB.

200

Minimum income

Positive income

o] 1 2 3 4 5

Note. Figure derived for § = 0.5,d = 3,v = 3,e¢ = 0. Qualitatively similar results are obtained for other parameter

values.

candidates can constitute an equilibrium. In particular, see that for the case of zero transaction
costs (k=0) indeed only the minimum income equilibrium and the positive income equilibrium
can arise, in line with the base model. However, for k£ > 0 additional equilibria can emerge. In order
to develop a better understanding of the equilibrium market outcomes, and how they compare to
the base model, we zoom in on the numerical example provided by Figure 7 by fixing the level of
transaction costs at k = 3. Although the particular value is not important, it is easy to see that for
this value all five equilibrium types can arise, dependent on p. In this vein, Figure 8a illustrates

the optimal quality choice as a function of ¢ and Figure 8b plots the corresponding equilibrium

profit of the CSP for k=3,§=0.5,d=3,v=3.
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Figure 8 Quality and profit of CSP with transaction costs for using the PDB.
(a) Quality of CSP. (b) Profit of CSP.

A
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Note. Numerical example derived for k = 3,5 =0.5,d = 3,v = 3,e¢ = 0. Qualitatively similar results are obtained for

other parameter values, but not all equilibrium types may exist (see Figure 7).

If the PDB is very inefficient (for ¢ < ¢7/**), the unconstrained monopoly outcome arises. In this
case, the PDB has no strategic impact on the CSP, which still chooses its monopoly quality ¢* = d.
This is sufficient to deter the entry of the PDB.

However, for higher levels of the PDB’s efficiency, the monopoly quality is insufficient to keep the
PDB out of the market. For gjj** < o < ¢**, the CSP actively forecloses the PDB by strategically
reducing its service quality. This makes it more costly for the PDB to attract consumers, because it
would need to increase the reward, r, to compensate for the lower service quality. Specifically, the
CSP chooses the quality level such that the PDB would need to set a reward above r,,,., which,
however, would yield negative profits. Note that in the foreclosure equilibrium, the CSP reduces
its service quality below the unconstrained monopoly level to prevent the PDB from attracting
consumers. Thus, the threat of entry by a PDB (with relatively low efficiency) may already lead
to a strategic quality reduction by the CSP, above and beyond the competition and displacement
effect that arise if the PDB is indeed active.

Figure 8b illustrates that strategic foreclosure becomes more costly as the PDB becomes more
efficient, because the CSP has to reduce its quality further and further. The sharp increase of
the CSP’s quality at ¢}** in Figure 8a marks a fundamental change in the CSP’s strategy. At
intermediate efficiency levels, foreclosure is already so costly that the CSP prefers to accommodate
the PDB in the market instead. Thus, for o}*** < o < gji7, the CSP sets quality g/, which just
allows the PDB to enter the market; but the PDB has to offer consumers the maximum reward
T'maee and makes zero profit. This provides the maximum stimulus for consumers to increase their
usage at the CSP and, at the same time, allows the CSP to charge consumers an increased price

Prmaz (see Figure 11 in Appendix C). Within the range of the accommodation equilibrium, the
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CSP then again reduces its quality investment as the PDB becomes more efficient. This is because
a more efficient PDB is able to pay a higher reward to consumers. Hence, this quality reduction is
due to the displacement effect.

Further, for o/"" < p < o7, the minimum income equilibrium emerges and the CSP’s quality
Gmin Temains constant for increasing levels of the PDB’s efficiency. Like in the minimum income
equilibrium outcome of the base model, the CSP’s price p,,:,(q) and the PDB’s reward 7,,,,(¢) in
Stage 2 are chosen such that consumers are just compensated for their transaction costs k (which
were zero in the base model). Thus, the minimum reward r,,;, and also the CSP’s optimal quality
Gmin do not depend on the PDB'’s efficiency within the feasible range of this equilibrium.

min

7, the CSP prefers the positive income equilibrium over the minimum

Eventually, for o0 > o
income equilibrium. Like in the base model, in the positive income equilibrium the CSP is now
willing to increases its quality investment ¢, as the PDB becomes more efficient. This is due to
the appropriation effect.!® Also notice that, like in the base model, the CSP’s quality level drops

as the equilibrium switches from the minimum income to the positive income equilibrium at ¢7""".

This again is due to the displacement effect.

Proposition 6 (Consumers’ transaction costs)

When consumers face transactions costs to use the PDB, three additional equilibria can arise
compared to the base model. First, if the PDB is of very low efficiency relative to transaction costs,
the PDB has no strategic impact on the CSP. The CSP chooses the unconstrained monopoly quality
level and the PDB remains inactive. Second, if the PDB is of low efficiency, the CSP strategically
forecloses the PDB by lowering its quality (relative to the unconstrained monopoly level). Third,
if the PDB’s efficiency increases further, the CSP strategically raises its quality (relative to the
minimum income equilibrium level) in order to accommodate the PDB in the market. For higher
efficiency levels of the PDB, the minimum income equilibrium and the positive income equilibrium
emerge, like in the base model. Propositions 1 to 4 continue to hold qualitatively for the range of

the minimum income and positive income equilibrium.

6.3. Data analytics technology investments and PDB

In practice, the economic value of data sold on the market is heavily influenced by firms’ strategic
decisions to process, enrich and analyze the raw data that they collect from users. For example, a
CSP can improve its efficiency on the data market by undertaking long-term investments in the
development of software, which allows for additional insights from the collected data (see, e.g., the
software analytics technology at Twitter (Lin and Kolcz 2012) and LinkedIn (Sumbaly et al. 2013)),

1 Note that the CSP raises its price py for higher levels of the PDB’s efficiency ¢ as illustrated in Figure 11 in
Appendix C.
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in hardware and infrastructure, which facilitate storing and processing big data (see, e.g., Miiller
et al. 2018), and in human resources such as data scientists (see, e.g., Tambe 2014). Likewise, a
PDB can strategically decide on the technology investments that determine the quality of its data
sold to data brokers, thus determining its efficiency on the data market ¢ endogenously.
Therefore, we now allow the CSP and PDB to invest in data analytics technology in order to
improve their ability to generate revenues on the data market. We model this by introducing a
Stage 0 that precedes all other stages of the base model. In this stage both the CSP and the PDB
(if present) simultaneously decide on their optimal investment levels in data analytics technology,
denoted by t and p, respectively. Furthermore, we need to make assumptions on the shape of
the revenue function and cost function associated with technology investments. First, in line with
the empirical literature on data analytics applications (see, e.g., Junqué de Fortuny et al. 2013,
Martens et al. 2016), we assume diminishing returns to scale. This means the marginal revenues
of investment in data analytics decrease as a firm moves closer to the maximum economic value
that can be generated from the collected data. Formally, gross revenues (excluding the competitive
impact of the PDB) are v/td(z) for the CSP and /od(z) for the PDB. Second, we assume a
standard quadratic cost function for technology investments and allow for the possibility that either
the CSP or the PDB has a cost advantage. Formally, the cost functions are A(t) = at? for the CSP
and B(p) = bo? for the PDB, where a and b are parameters that allow us to model relative cost

advantages. Taken together, the CSP’s and PDB’s profit functions are now as follows:

14 (z,p,q,t) = Vtd(z) + p(z) — C(q) — A(t) (without PDB)
47 (x,p, q,t) = 5Vt d(x) + p(x) — C(q) — A(t) (with PDB)

4% (2,7, 0) = 6 Jod(z) —r(z) — B(o).

In the following, we characterize equilibrium market outcomes and the impact of the PDB,
whereas the complete analysis is relegated to Appendix D.

Data analytics technology investments without PDB (A): In the monopoly equilibrium, the CSP
chooses a positive technology investment level 4 > 0 and sets a positive quality level (¢ > 0) as
well as a zero price (p* = 0), like in the base model. Clearly, in equilibrium the CSP will invest less
in technology when investment costs increase (3tA/aa < 0). Eventually, investments converge to zero
for very high costs. Likewise, the CSP’s investments in quality decrease when investments in data
analytics technology become costlier (94" /aa < 0). In consequence, lower costs for data analytics
technology increase consumer surplus (°¢5"/aa < 0). Moreover, technology and quality investments

increase as data brokers’ valuation for data grows, i.e., %*/aa > 0 and 24" /oa > 0.
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Data analytics technology investments with PDB (AP): With a PDB, again a minimum income
equilibrium and a positive income equilibrium emerge: The minimum income equilibrium emerges if
the CSP has a sufficiently large cost advantage over the PDB (a < @(b)). Intuitively, this translates
into a situation where the PDB is much less efficient on the data market than the CSP, i.e.,
04T < t4P In reverse, the positive income equilibrium emerges if (i) the PDB has a cost advantage
over the CSP (a >b), (ii) technology investment costs of both firms are symmetric (a = b) or (iii)
the PDB’s cost disadvantage is not too large (a > a(b)).*

Figure 9 illustrates equilibrium outcomes in the minimum income equilibrium and positive
income equilibrium, respectively. Note that the figure is not immediately comparable to the pre-
vious figures, because g is endogenous now. Therefore, quality, reward and prices are now plotted
for various degrees of competition on the data market, d, instead of p. Figure 9a depicts a situa-
tion, where the PDB has a large cost disadvantage vis-a-vis the CSP (a =0.2,b=1). Given this
disadvantage, the PDB invests less in data analytics technology, making it less efficient on the
data market (0 < t4F). In consequence, the minimum income equilibrium emerges and the PDB
affects the CSP’s quality and pricing decisions solely through the competition effect. Therefore, the
CSP’s quality investment is strictly lower with the PDB for any ¢ < 1, whereas the PDB’s reward
and the CSP’s price are close to zero (pAf = r4F = e~ 0) for all levels of 6. In contrast, Figure 9b
depicts a situation where the PDB has a cost advantage over the CSP and hence the PDB invests
more in data analytics technology than the CSP. Now, a positive income equilibrium emerges,
where the PDB offers a positive reward in order to stimulate the generation of more data, i.e.,
4P > . If the relative cost advantage of the PDB is large (a < b) and the competition intensity
on the data market is low (9 is high), the appropriation effect can outweigh the competition and
the displacement effect, giving the CSP an incentive to increase its quality investment above the
level without a PDB. For example, in Figure 9b this is the case for high values of § that exceed
the threshold §7 =0.913.

Thus, qualitatively the same minimum income equilibrium and positive income equilibrium as
in the base model arise. Consequently, also the insights from Propositions 1 to 4 continue to hold
qualitatively. This includes that consumers only truly benefit from the presence of a PDB, i.e.,
CSAP > CS4, if the PDB has a sufficiently large cost advantage. Otherwise, they are worse off.
In particular, in the special case, where the CSP and the PDB have identical investment costs,
consumers are never better off with a PDB, i.e., CS4F < 'S for a = b. Although the PDB is willing
to pay a positive reward in this situation, the displacement effect outweighs the appropriation

effect, even without any competition effect (6 =1).

15 See Appendix D for a derivation of the cost thresholds.
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Figure 9  Quality, price and reward with endogenous investments in data analytics.
(a) Minimum income equilibrium. (b) Positive income equilibrium.

Note. Numerical example derived for d=1,e =0, and a =0.2,b=1 (left panel) or a =2,b=0.1 (right panel).

Proposition 7 (Data analytics technology)

If CSP and PDB can strategically invest in data analytics technology, a minimum income equi-
librium and a positive income equilibrium can emerge, like in the base model, depending on the
PDB’s cost (dis-)advantage relative to the CSP. Proposition 1 to 4 continue to hold qualitatively.
In particular, consumers are only better off with a PDB if the PDB has a sufficiently large cost
advantage over the CSP.

7. Conclusion
7.1. Theoretical Contribution

In this study, we formalize and highlight the strategic effects that arise in a data economy with
PDBs. By means of a game-theoretic model we analyze the impact of a PDB on the key business
decisions of large online CSPs, such as how much providers should invest in the quality of their
service and how they should optimally monetize their service. In particular, we identify and formal-
ize three economic effects — the competition effect, the displacement effect and the appropriation
effect — which jointly determine the CSP’s optimal strategic response to a PDB, and ultimately,
whether or not the business models of PDBs is sustainable in the internet economy, and whether
consumers will eventually benefit from PDBs. We can then fully characterize the possible equi-
librium outcomes under various model variants. In all variants at least two types of equilibria
emerge. First, a minimum income equilibrium emerges if the PDB is of relatively low efficiency.
In this equilibrium the PDB offers consumers rewards that just offset their transaction costs for
transferring data. In this case consumers are worse off than without a PDB, because of the preva-
lence of the competition effect. That is, the CSP reduces its service quality in the long run due to

the increased competition by the PDB on the data market. Second, a positive income equilibrium
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emerges, if the PDB is of relatively high efficiency. In this case the PDB actually pays consumers
a reward in excess of their transaction costs. However, the additional consumer surplus is partially
appropriated by the CSP, which will switch from a free-to-use to a paid service. Whether or not
consumers are better off depends, over and beyond the competition effect, on the trade-off between
the displacement effect and the appropriation effect. By the displacement effect, the CSP reduces
its quality, because the PDB’s positive rewards partially substitute for quality. By the appropria-
tion effect, the CSP increases its quality, because this results in higher rewards by the PDB, which
can be appropriated by the CSP through a higher price for its service.

In case consumers have transaction costs for using the PDB additional equilibria arise. When the
PDB is of very low efficiency relative to transaction costs, it has no strategic impact on the CSP
and it is not used by consumers. However, the CSP may indeed seek to foreclose a more efficient
PDB by strategically lowering its service quality below the unconstrained monopoly level. Thus,
the mere threat of entry by a PDB, even if it is of relatively low efficiency and will thus never
become active, can already affect market outcomes to the detriment of consumers. In reverse, the
CSP may also strategically increase its service quality (relative to a minimum income equilibrium)
in order to enable the entry of a PDB with intermediate efficiency. For even more efficient PDBs,
again the minimum income equilibrium and the positive income equilibrium emerge. Finally, our
insights are also robust in case CSPs are in competition for users’ attention and in case CSP and

PDB can strategically choose their efficiency levels by investing in data analytics technology.

7.2. Mangerial Implications

Our results bear important implications for managers of CSPs with regard to which business
strategies they should follow in the context of an emerging landscape of PDBs; but they also
inform start-ups who are pursuing a PDB business model, and venture capitalists who seek to
invest in PDBs. The impact of a PDB on a CSP’s profit is mainly determined by the competitive
relationship of both firms on the data market and their relative ability to generate revenues from
data. If the PDB sells its data to the same data buyers as the CSP and does not significantly alter,
process or enhance the data, the competition effect will likely be large and thus the CSP will be
worse off. In contrast, if the PDB is able to enrich the original data set and enhance the value of
consumers’ data, e.g., because consumers add data points that they do not want to disclose at the
CSP, update outdated information or remove incorrect data records, the CSP is likely to benefit
from a PDB, because the PDB rewards consumers for generating more data at the CSP. However,
our results also indicate that PDBs — if they are indeed able to generate sufficient revenues on the
data market — could have a significant impact on the archetypal business model of CSPs, by which
they offer consumers services free of charge and derive revenues predominantly on the market for

data. Two scenarios that arise in our model are noteworthy in this context.
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First, if the PDB is less efficient than the CSP on the data market, but the PDB already pays
consumers a positive income for transferring their data, it is optimal for the CSP to invest less in
service quality and instead to offer small payments to consumers. For instance, CSPs may offer
vouchers or free products to consumers or may even issue micropayments for service usage and
data creation. Recently, some CSPs have offered monetary rewards to consumers in exchange for
using the CSPs’ advertising-financed service (see, e.g., the Austrian media company oe24 2019)
or the disclosure of consumers’ web browsing activities (see, e.g., Constine 2019, on Facebook
paying consumers for installing a VPN app). With a PDB in the market, such direct remuneration
schemes are more profitable and may thus become more widespread, because the CSP can save on
costly investments in quality, whereas the burden to stimulate usage through direct compensation
is shared with the PDB.

Second, if the PDB has a sufficiently large efficiency advantage over a CSP, the CSP may start
to charge consumers for usage of its service, instead of solely relying on indirect monetization on
the data market. By charging a price the CSP may directly appropriate a share of the reward that
the PDB pays out to consumers. It it is then even optimal for the CSP to invest more in quality
in order to stimulate usage and thus the creation of more data, and higher rewards by the PDB.

Our analysis also reveals that it may not always be the best option for a CSP to try to foreclose
the entry of an emerging PDB. If the PDB’s expected efficiency is not too low, it is in fact better to
facilitate entry, because this increases the joint revenue that can be earned on the data market by

the CSP and PDB. The CSP can then appropriate some of this revenue through a positive price.

7.3. Policy Implications

We also contribute to the current policy debate on data protection and consumers’ rights in the
Internet economy, where data is the major economic resource. We show that new legal regimes
such as the right to data portability have to be evaluated and designed with respect to the ensuing
strategic interactions between market participants in order to avoid unintended and adverse market
outcomes. Our analysis cautions policy makers and regulators to be aware that the emergence
of PDBs is not unambiguously positive for consumers. Especially, if the PDB only pays little
rewards relative to transaction costs, then consumers will likely be worse off, because they can
expect a lower quality of the CSP’s content and services in the long run. Our analysis shows that
consumers are likely to benefit from a PDB only if the PDB does not compete head-to-head with
the CSP on the data market and if the PDB has a significant efficiency advantage over the CSP.
However, even if this is the case, we also expect that CSPs raise prices compared to the status quo.
Counterintuitively, this is indeed beneficial to consumers, because in this way the CSP appropriates

some of the PDB’s efficiency gain on the data market, and therefore has a higher incentive to invest
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in quality. By contrast, if prices would be bound to zero either due to (i) competitive pressure from
a CSP, which is not affected by the PDB, or (ii) regulatory intervention, the competition effect
and the displacement effect would lead to a reduction of service quality. In this case, consumers
would be worse off, unless the PDB is very efficient and can actually pay high rewards.

Policy makers may directly influence the PDB’s efficiency by promoting a right to data portability
and mandating a broad application scope with respect to the data that is subject to being portable.
For example, in the European Union it is currently controversially debated whether the right
to data portability applies only to information that users have provided explicitly to the CSP,
such as name, address or likes, or also to data that has been obtained implicitly by observing
consumer behavior, such as location data or clicks (see, e.g., Article 29 Working Party 2017). It is
straightforward to incorporate the scope of data portability in our formal model in order to see its
relationship to the PDB’s efficiency. Let us denote the scope of data portability by s € [0, 1], where
a lower s indicates a lower scope. Then, the amount of data that can be ported to the PDB is given
by = := sx. Now the effective efficiency of the PDB is given by p:= so, which is clearly increasing
in s. Hence, an increase in the scope of mandated data portability translates directly into a higher

efficiency of the PDB.

7.4. Limitations and Future Work
Finally, we point to some limitations of our analysis that call for future research.

First, we have considered a unit mass of homogeneous consumers, which allows us to capture the
main strategic effects in a tractable model and to derive a full analytic characterization of market
outcomes. Future work may focus on the implications of heterogeneous consumers that differ in
privacy or transaction costs to test the robustness of our findings. In fact, we conjecture that
no qualitatively new effects would arise, because our model already captures the representative
consumer that will determine the main strategic decisions of the PDB and CSPs in the market.
Specifically, the uniform transaction cost level k& can be viewed as the average demand elasticity
of the consumer population to use the PDB. If there were various consumers with lower and
higher transaction costs, the PDB would still maximize its profit by setting an ‘average’ uniform
reward that attracts consumers with low and medium transaction costs. In consequence, the three
identified effects would likewise emerge in an extended model with heterogeneous consumers.

Second, in order to focus on the main strategic effects that arise from PDBs, we have abstracted
from the possibility that consumers may supply user data of different economic value. In particular,
an extrinsic (uniform) price mechanism as institutionalized by the majority of today’s PDBs (see,
e.g., Digi.me 2020) may incentivize consumers to create fake data in order to artificially increase

the size of the data set that they sell. On the other hand, proponents of PDBs have argued
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that consumer control over data transactions increases transparency and trust of consumers and
may therefore encourage them to provide more accurate and detailed data. Future studies should
explicitly model and consider these trade-offs concerning data quality in the context of markets
for personal data. Again, while we expect that this will provide more nuanced results, the main

strategic effects identified here would continue to exist.
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Appendix
Appendix A: Monopolistic CSP with PDB

In Stage 8 consumers maximize utility UM? by choosing their optimal usage depending on whether the PDB

is willing to pay a positive reward. Optimal usage is then given by

g—p+r ifr>0A(qg—p)>0,
™" (p,r,q) = argmax [UM” (z,p,7,q)| =< q—p if r <OA(q—p)>0,
=ekg 0 if (¢—p) <0.

In Stage 2 the CSP as well as the PDB anticipate consumers’ usage decisions and simultaneously set p
and r to maximize their respective Stage 2 profits.

For a given price p, the PDB’s unconstrained best response function is r}'”(p,q). This means that by
setting a reward r}” the PDB maximizes its profit I'”(p,r,q) provided that r}'” >0, such that the PDB
indeed attracts consumers in Stage 3. However, if )" <0, then the PDB would not attract consumers in
Stage 3, yielding zero profit. Clearly, this cannot constitute a best response, because the PDB could make a

MP — ¢, whenever it is able to generate a positive revenue

positive profit by setting a minimum reward of r
on the data market, i.e., if ddp > €. This condition is satisfied for any positive efficiency level ¢ > 0 for € — 0.
Moreover, see that, irrespective of the CSP’s price, any higher reward would lower the PDB’s profit and any

lower reward would not suffice to attract consumers. Taken together, the PDB’s best response function is

given by
MPp riP(p,q) = 3(ddp+p—q) if p<q—dip,
min (p7 q) =€ else
In reverse, the (unconstrained) best response function of the CSP for a given reward r, is given by pM ¥ (r,q) =

1(—db+ q+7).*® By definition, an equilibrium is given by the intersection of the PDB’s and the CSP’s best
response functions, i.e., by a reward and price for which no firm wishes to deviate from its current choice of
reward and price, respectively. This gives rise to two types of equilibria:

First, there exists a positive income equilibrium candidate, in which the PDB can choose its unconstrained

best response. Here the PDB sets r}/"(¢q) = 1(6d(2¢0 — 1) — ¢) and the CSP sets p}/*(q) = 3 (dd(0 —2) +q).

MP

Second, there exists a minimum income equilibrium candidate, in which the PDB chooses r,.; =€ and

the CPS sets piF = 2(—dd+q+e).
Solving the feasibility condition 7}”(q) > € leads to the quality threshold §:=dd(2¢ — 1) — 3e. Thus, for
q < q the positive income equilibrium candidate is the only feasible equilibrium in Stage 2, whereas otherwise
the minimum income equilibrium emerges.
Given CSP’s quality investment in Stage 1, the Stage 2 equilibrium can be characterized by

PP (g) = Tfp(q)::%((Sd(Qg—l)—q) if ¢ <7,
€ if ¢>17,

(=6d+q+e) ifqg>7.

(a)
PP = {pr(q) =1 (0d(o—2)+q) ifq<7,
IWP( ) %

16 Note that the price of the CSP is unconstrained, i.e., it can either be positive, zero or negative.
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In Stage 1, the CSP anticipates the ensuing prices and usage levels and chooses how much to invest
in quality. The CSP’s profit depending on quality investment in Stage 1 and the respective equilibrium

candidate in Stage 2 are given by

HMP(pi/IP MP

q) = (2d262(g+ 1)?+4dé(o+1)qg —7¢7),

18
((d5 +€)’+2q¢(dd+€) — ¢°).

MP( MP MP
H (pmwﬂ T’mzn? q)

4

The optimal quality level is then determined by maximizing profits under consideration that the price
and reward structure in Stage 2 depends crucially on whether ¢ <. This means, the CSP can strategically
choose a quality level above or below g. Specifically, the CSP considers two candidate equilibrium quality
levels, which correspond to the quality levels that maximize its profit under a positive income equilibrium
and a minimum income equilibrium, respectively: First, the CSP may adapt its quality as a strategic reaction
to the PDB assuming that the PDB will set a reward above the minimum reward in Stage 2. The optimal

HJVIP(pAIP MP

investment in quality is then readily given by the first-order condition 2 "+ % _ () which yields

BHIVIP (pIVIP MP

minTmin9) _ . .
5o =0, yields a monopoly-like

9q

¢}'" = 26d(1 + o). Second, solving the first-order condition

quality level of ¢™P = §d + ¢, which maximizes the CSP’s profit assuming the PDB chooses the minimum

min

MP
min

reward r,.. in Stage 2.

Next, we analyze for which levels of the PDB’s efficiency, o, the two equilibrium candidates are indeed

feasible. The positive income equilibrium candidate exists if and only if, in Stage 2, the investment choice ¢}'”

elicits a reward equal to or above the minimum reward. Solving the condition r (¢}'") > € with respect to o

__ 3dé+Te

15— - Hence, the positive income equilibrium candidate exists if and

yields the minimum threshold g, :=
only if o >9_ . Conversely, the minimum income equilibrium candidate exists if and only if the investment

choice gMF elicits the minimum reward in Stage 2. This is the case if the unconstrained choice of the PDB

MP
Qmin

would lead to a reward lower than the minimum reward. Therefore, we solve r ( ) < e with respect to g

dé+2e

and obtain the maximum threshold g,,,, = “5;

. Thus, the minimum income equilibrium candidate exists
if and only if 0 < 9,,;,.-

We then identify which one of the two equilibrium candidates the CSP selects through its investment
choice in Stage 1. The CSP prefers the positive income over the minimum income equilibrium candidate if

IIMP (phI2 P ghP) > TIMP (phl P )P q)7). Solving this 1nequahty with respect to the efficiency of the

PDB, o, yields the minimum threshold 7 := \/71/ LE42dbete 1, de., for all o > the positive income
equilibrium candidate yields a higher profit for the CSP, whereas otherwise the minimum income equilibrium
is more profitable.

Finally, it holds that 9, < <9,,,;, for the entire feasible range of parameters. Therefore, the respective
equilibrium candidate always exists if it is actually preferred by the CSP and, in consequence, the equilibrium
investment choice by the CSP in Stage 1 can be derived as

i {qff’ = 25d(p+1) if0>7,
gMP =dd + € if p<7%.

The subgame perfect Nash equilibrium with a monopolistic CSP and PDB is then fully characterized by

the following market outcomes:
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Positive income equilibrium for o > o:

2 1 1 3
qﬂ\r/“j:?éd(g—&— 1), pfpz§5d(3g—4), rfP:?§d(4Q—3), :z:fpz?éd(g—l— 1),

1 9
" = ?62d2(1 +0)?, TYF = E(5d+6d9)2'
Minimum income equilibrium for o < p:

MP—§d+e, pMP=e rMP=¢ 2MP=0d+e,

q'min min min
1
I, = 5(5d+6)2a Lo = (0d +€)(ddo —€).

Appendix B: Competing CSPs and PDB

We now derive the subgame perfect Nash equilibrium outcomes in the case of competing CSPs. We index
all outcomes in the scenario without the personal data market with D and all outcomes in the scenario with
personal data market with DP. To ease notation, we assume e = 0.

Duopolistic CSPs without PDB: In Stage 3, consumers’ utility is maximized by choosing a usage level

of
¢ —pi —(q; — ;)
1—~2

xiD(piapj7Qi7Qj): 1)
where i = A, B and j denotes the respective CSP competitor.
In Stage 2, anticipating consumers’ usage levels, both CSPs simultaneously choose prices to maximize

their respective profit given by

¢ —pi — (g —py) _ ﬁ
1—~2 2"

07 (pi, s 4irq;) = (d+pi) z) — C(g:) = (d+ pi)

N2 (papp.a4, OUE (pa.P5.94s
APar594:98) _ () and 2B PaPs.94.95)

Solving first-order conditions g opa opp = 0 simultaneously, we obtain optimal

Stage 2 prices depending on quality investments as

2-7")a—(2+7)d—g
4—~2 '

P (g, q;) =

In Stage 1, the CSPs simultaneously determine their optimal quality level by maximizing their respective

profit (taking investment costs into account) given by
I (¢, q5) = (d+p)) 27 — Cla:)-

This yields symmetric optimal quality investments

D __ 2(2_’72)d
R R G Y

The duopoly equilibrium candidate is then characterized by the following strategies and outcomes:

po22-d o ((A—adddy o, (A-97)d
G e o [ R O L S (A=A =)y +4"7" (A=) (L —7)y+4’
o 8=+ —169)d oy (1) (4=

(=)A= 42 (A=) (A =y)y+4)*

For v <7:=0.827891, the duopoly strategies in (8) yield a non-negative profit for both CSPs. Moreover,

(8)

neither of the two CSPs can profitably deviate from the given strategy configuration in either Stage 1 or
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Stage 2 within this parameter region, because solutions are derived from the unconstrained best responses
of both firms. Thus, the strategies in (8) constitute a subgame perfect Nash equilibrium for v <#.
However, for v > 7% the duopoly strategies in (8) lead to negative profits for both CSPs. Clearly, a CSP
then can do better by setting ¢” =0 in Stage 1 instead, because this allows each CSP to secure a profit of
at least zero. In consequence, duopoly strategies denoted in (8) cannot constitute an equilibrium for v > 7.
Instead, both CSPs setting a quality level of zero constitutes an equilibrium outcome within this parameter
region. To see this, note that a CSP’s unconstrained best response to a competitor with a zero quality level is
given by ¢P(¢; =0) = %. For v > 7 this unconstrained best response yields a negative quality,
ie., ¢P(g; =0) < 0. Evidently, a negative quality level is unfeasible and the constrained best response by

CSP i is to instead choose the minimal feasible quality level of g° = 0. Due to symmetry of the CSPs,

/% =0 is the respective best response for both CSP A and CSP B for v > 7. Given zero investment levels

_ (24v)d

in Stage 1, optimal prices in Stage 2 are derived as pfo =i and consumers’ optimal usage levels in

4. The zero quality equilibrium candidate yields a positive profit for both CSPs,

D ._
Stage 3 are x; := 57—

ie., IIP (20, 00,000, PY0, 40,41 0) > 0, and therefore constitutes an equilibrium for v € [7,1).
Duopolistic CSPs with PDB: In Stage 3, consumers’ optimal usage level at CSP i is given by

¢ —pi+r(1—7) (g —py)
1—~2

xiDP(piapj7T7qi7qj) =

In Stage 2, the PDB and the two CSPs simultaneuosly choose their prices and rewards by maximizing

their respective Stage 2 profit given by

(¢ +q; —pi —p; +2r)

T2% (pi,ps,7, ¢, q;) = (d6g — ) (zPF + 2PF) = (dSo — 1)

)

1+~
r(l—~)+q;—p; — p—Y 2

where, like in the base model, ¢ € (0,1] captures the (negative) competitive effect of the PDB on CSPs’
profit on the data market relative to the baseline without PDB. In Stage 2, restricting attention to the

parameter range v <7, equilibrium prices and rewards are characterized by

2d5((2—v)o—1)—qi—q; - _
PP (g, qy) = 2N EE Daits if g, 4 g, <GPP =2d5((2— 7)o — 1),

7“D’D(qi,qj){

i (i q;) =0 otherwise,
ds(4427) (1) e—2)+(5+v—27)a; —(1+3v)q; - _
PP (g = § P B0 = e iy =0 i g4 g, <777,
7 iy45) — 2\ — A
’ pff:m(%‘a%‘) = (2= )%411]2 Sanill otherwise.

In Stage 1, CSPs maximize their respective profit by simultaneously choosing their quality investment
levels. Like in the base model, two types of equilibria — the positive income equilibrium and the minimum

income equilibrium — exist, depending on the PDB’s efficiency level o:

DP . _(5+v—27%)d§(e+1) . _pp
DP __ %+ = (2'y—'yz)(7+2»s—72)+13 ifo=>2"",
. pp ._ _ 2(2-77)ds . —DP

Qi min *= [@=32)(1=7)744 if o< .

We derive the critical thresholds g”F and EDP by identifying the conditions for which one of the CSPs

can profitably deviate from the respective equilibrium candidate.
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First, we analyze when a CSP has an incentive to deviate from the positive income equilibrium candidate

dev

by choosing a quality level ¢{<’, given that its competitor chooses the candidate equilibrium investment
q;y DP_In general, deviation from the positive income equilibrium candidate in Stage 1 is only feasible if the

deviation leads to a reward below the minimum reward in Stage 2. Thus, CSP i chooses the quality level

dev

¢!’ that maximizes its deviation profit II””(¢;, ¢’') assuming the minimum income equilibrium candidate

( dev

to arise in Stage 2, i.e., r(¢/%, q; PT) < 0. We analyze whether deviation is profitable by solving H.D” =

P (qf,qPT) > IIPT with respect to o, which yields ¢ < 2”". Therefore, deviation from the positive income

equilibrium is not profitable for ¢ > 3”7, but would increase profit of CSP i for o < P if deviation is

indeed feasible. Next, to derive the conditions for which deviation is feasible, we evaluate for which levels of

dev DP

the PDB’s efficiency, given quality choices ¢i¢’ and g’} in Stage 1, the reward in Stage 2 is indeed below

dev,max

the minimum reward. Solving r” (qfi’,q] L) <rhf with respect to o yields o < 0%

main

, i.e., deviation is

dev,max
+

feasible for any efficiency level below gd“ % Because it holds that pPf < , we can conclude that

deviation is always feasible when it is profitable for CSP i. Finally, in order to establish that "% is the
relevant critical threshold for the positive income equilibrium, we need to verify that for all efficiency levels
0> 0"F the candidate equlhbrlum investments q P and g+ DP lead to a positive income equilibrium in Stage 2,
ie., rPP(q; +,q;+) > r2P . Solving the latter inequality with respect to o yields o < pP%, with ¢P¥ < o"”.
Hence, for ¢ > 9" the positive income equilibrium candidate indeed constitutes a subgame perfect Nash
equilibrium.

Second, along the same lines, we analyze when a CSP has an incentive to deviate from the minimum income

equilibrium candidate by choosing a quality level g%, | given that its competitor chooses the candidate

i,min)?

equilibrium investment qj L m- 11 this case, deviation in Stage 1 is only feasible if the deviation in quality

leads to a reward above the minimum reward in Stage 2. Deviating CSP 4 chooses quality ¢?’. such

i, min

that its deviation profit 117" (g;,q} ;) is maximized subject to the assumption that the positive income

equilibrium candidate arises in Stage 2, i.e., 7”7 (¢, ¢77) > r1F . Deviation is profitable if II7¢" =

man ,min

7,min’

HiDP(qfem“m,q] +)>1IPF. . Solving the profit inequality with respect to ¢ yields the threshold o PP e, for
o> Q " deviation is profitable. Conversely, for o < EDP CSPs have no incentive to deviate from the minimum

income equilibrium in Stage 1. Next, we analyze when deviation from the minimum income equilibrium

dev DP DP
(ql min? q;,mzn) Z rmin

is actually feasible. Solving the feasibility constraint r? with respect to ¢ yields g >

dev,min

dev,min
szn

with glo™" < EDP. Therefore, deviation from the minimum income equilibrium in Stage 1 is feasible

whenever a CSP finds it profitable to deviate. Finally, we verify that candidate equilibrium investments in
the minimum income equilibrium always lead to a reward below the minimum reward in Stage 2 in cases

where CSPs have no incentive to deviate. Thus, we first solve 727 (q; min, @jmin) < 2L | which is satisfied for

min?

0 < 6PF. For the entire feasible parameter range, it holds that 9°F >3 and, hence, the deviation threshold

DP . o . .. . g .. .
0 is the binding constraint for the minimum income equilibrium. In consequence, the minimum income

equilibrium candidate constitutes a subgame perfect Nash equilibrium for ¢ < EDP

The critical thresholds p°% and 3 are specified by:

—DP _ 1

e = (147) (279 — 8y8 — 1697 + 805 + 555 — 308~* — 853 + 494~2 + 38y — 188)
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We then can fully characterize the subgame perfect Nash equilibrium with competing CSPs and PDB for
v <% by the following market outcomes:
Minimum income equilibrium for o <3""
g 2(2—9%)do PP — (L =)y +4)ds PP — (. zPP — (4—9*)d
(A=) A=)y AT (A=) (L= )y 4T T (4= 2) (L= )y + 4
DP (8_1672"‘7'74_76)03252 DP __ (4_72)d252Q DP __ ('Y"’l) (4_72)2d252

i S @A 7 A=) T (@)=

Positive income equilibrium for o > 9"%:

pp (BF7=29%)do(o+1)  ,p ((Z7T=7+7*)v0—27+29"+0—13)y+60—T7)dd

Gt = oy =) T4y -2+ 13 Pt T 2y =) (7T+7v—72)+13 ’
or_ (P =T =6+ =2 =5+ Ty +7)0)dd  pp_ (3-7)(2+7)dé(o+1)
" (27 =) (T+7 -7 +13 T2y =) (T —9?) +13
(e _ (47— (149 + 7572 4 249° — 207" — 477+ 29%))d?6*(0 + 1)?
e 2((2y =) (T+7—7?) +13)2 ’
por_ 20047) (647 —9°) d*0* (o + 1)? cgor — (1+7) (6+7—7%) d*?(0+1)?
+ » Loy

(2y=2)(T+7—=12)+13) (2y=2)(T+7 =12 +13)
Appendix C: Transaction costs for using the PDB

When consumers have transaction costs, k, for using the PDB, their utility is given by

v+qr — %xQ —pr+rx—k when using the CSP and PDB,

U™ = v4qu— %xQ —px when using only the CSP,
0 otherwise,
where v > k is the consumers’ base utility for using the CSP. This is to ensure that consumers can always
bear the transaction costs for using the PDB, even if the CSP offers zero quality, but yet face a trade-off
whether to use the PDB or not. Otherwise, the timing is the same as in the base model.
That is, in Stage 3, consumers choose how much to use the CSP’s service exactly as in the base model,

but decide to adopt and use the PDB if and only if 2 > k. Therefore,

S (prg) = 4P r(g—p+r) >k,
Y q—p ifr(g—p+r)<k.
In Stage 2, the CSP and the PDB simultaneously choose price p and reward r by maximizing their profits
given by
(déo—r)x™" if ra™f >k,

0 otherwise,

M2 (TP p,q) = (dd +p)z™F — C(q) if ra™F >k,
M (2T p,q) = (d+p)z™" — C(q) otherwise.

FTP(.TTP,’I") — {

"7 (2", p,q) = {

As in the base model, in Stage 2, the PDB would like to set a reward according to its unconstrained best
response function (which corresponds to the best response in the positive income equilibrium in the base

model), which we denote by 7, (p,q).}” However, the PDB faces additional constraints now when choosing

7 For ease of notation, we do not label variables with superscript T'C' in this extension, unless it is necessary to
differentiate between variables.
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MP

its reward. Evidently the minimal possible reward of 72" = e does not suffice to attract consumers anymore.
Instead a minimum reward of r,,;, = #+</=TPF is necessary to attract consumers’ participation.!® On the
other hand, a PDB is never willing to set a reward that exceeds its revenue per data on the data market,
because this would lead to negative profits. Thus, for the PDB it must be possible to set a reward, r, such
that 7, <7 < 7pas := ddp, or otherwise, consumers would not transfer any data and the PDB would be
foreclosed from the market. In consequence, whenever 7 (p,q) > r'pin, the PDB will choose r =7 (p,q) in
Stage 2, and otherwise it will choose r = min{r,in, "maz -

With transaction costs the CSP has to consider two basic cases when setting its price in Stage 2: the PDB
may either be active, i.e., consumers will transfer their data to the PDB in Stage 3 and the PDB competes
on the data market; or the PDB may be inactive, i.e., consumers do not transfer their data and the CSP
can thus act as a monopolist on the data market. With an active PDB the CSP earns the profit 1M (z,p, q)
on the data market, whereas without the PDB, the CSP earns the monopoly profit IT" (z, p, ¢) on the data
market. Because, consumers’ decision on whether to use the PDB in Stage 3 (rz™¥ (p,r,q) > k) also depends
on the CSP’s price, the CSP can strategically foreclose the PDB by setting a high price. In the following
analysis of the CSP’s optimal price setting, we first characterize the equilibrium candidates assuming that
the PDB is active in the market. We then proceed by identifying the equilibrium candidates where the PDB
remains inactive and the CSP is a monopolist on the data market. Finally, we investigate whether the CSP
has an incentive to deviate from the identified equilibrium candidates by inducing either entry or exit of
the PDB, which then allows us to fully characterize the equilibrium outcomes in Stage 2 depending on the
quality level set in Stage 1.

First, assuming that the PDB is active, there is a positive income equilibrium candidate, where the
CSP plays its unconstrained best response p (ry,q) and the PDB responds with r(p4,q). Solving first-
oMY (21" p.q) q oM @)

2:9) — () an ") — 0 simultaneously, yields the identical positive income

order conditions 5
4 or

equilibrium strategies py(q) and ry(q) as in the base model (see Section 4). By definition, these are the
profit-maximizing strategies for both firms if price and reward are indeed feasible. Specifically, the PDB’s
reward must be sufficient to overcome consumers’ transaction costs and, at the same time, the PDB must be
able to generate sufficient data revenues to finance the rewards, i.e., 7min < 74(q, Pt ) < Trnas. Solving the first
inequality with respect to quality ¢ yields that the positive income equilibrium is feasible iff g € [¢7"*", "]

with

gy i= %(dég —2d6) — g\/d25292 — 4k, (9)
qreT = %(d59—2d5)+g\/d25292—4k. (10)

Assuming that the CSP has no incentive to foreclose the PDB, the positive income equilibrium candidate
is the unique equilibrium in Stage 2 if it indeed exists. Note that from (9) and (10) it is easy to see that
k< Eper=1/a d?6%0? is a necessary condition for the existence of the positive income equilibrium, i.e.,

transaction costs must be sufficiently low.

18 To further simplify notation and without loss of generality, we assume e =0 in the following.
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In cases where the positive income equilibrium candidate does not exist, because the unconstrained best
response reward r; is insufficient to overcome consumers’ transaction costs, the PDB sets the minimum
reward 7T,,:,, as long as 7, < Fmaes- In equilibrium, the CSP simultaneously sets the price p,,;, according
to its best response, which maximizes its profit 11 (2% p,q) subject to r =7, (Pmin,¢). In consequence,
a minimum income equilibrium candidate emerges, akin to the base model, where consumers are just com-
pensated for their transaction costs when transferring data to the PDB. This is also a best response for the
PDB in this case: On the one hand, the PDB cannot respond with a lower reward than 7,,;, t0 p,.:, without
losing all consumers and reducing its profit to zero. On the other hand, the PDB is not willing to react with
a higher reward, because its profit is strictly decreasing in r within the entire feasible range of the minimum
equilibrium candidate.'® However, the minimum income equilibrium candidate can only exist if the PDB is
able to generate sufficient revenue on the data market to recoup the rewards it pays out to consumers, i.e.,
it must hold that 7., (Pmins @) < Tmaz (Pmin, q). Solving this inequality with respect to quality ¢ yields the
feasibility threshold ¢min .= (127’“9 —dd(p+1). Therefore, the minimum income equilibrium candidate can only
exist if ¢ > g;in and ¢ ¢ g™, ¢77].

In cases where both the positive income and the minimum income equilibrium candidates are unfeasible,
because the PDB cannot attract consumers with 7, or makes a loss by paying out 7., i.e., 74 <7 <
T'maz, the CSP may set a price p,,.. such that the PDB is just able to compensate consumers for their
transaction costs and makes a profit of zero. Formally, p,,... can be derived as the solution of the PDB’s
participation constraint 7,.in (¢, Prmaz) = T'maz- Hence, by playing prm.. the CSP can actively induce the
market participation of the PDB, where the PDB may otherwise be inactive, and benefit from subsidization
of consumers’ usage through the PDB’s maximum reward. Such an accommodation outcome constitutes a
third equilibrium candidate provided that the CSP prefers the PDB to be active in the market, because, on
the one hand, the CSP is unable to raise its price above p,,.., without inducing the exit of the PDB, and
reducing its price would lead to a lower profit. On the other hand, the PDB cannot reduce its reward below
Tmaz = T'min Without consumers abandoning the PDB, but it also cannot raise its reward above r,,,, without
making a negative profit. For the accommodation equilibrium candidate to be feasible the positive income
and minimum income equilibrium candidates must not exist and the CSP must earn a positive profit, which
is the case for g7 > q > quif == g —ddé(o+1) and ¢ & [¢7™", q7*"].

We now turn to equilibrium candidates where the PDB is inactive. From our analysis of the accommodation
equilibrium candidate, we already know that the PDB will make zero profit for any p = p,.ma., because
the PDB must pay out rewards 7,,,, and thus its entire revenue in order to attract consumers. This gives
rise to a foreclosure equilibrium candidate, where the CSP can actively induce the exit of the PDB by
setting a price slightly above p,.mq.. In this case the PDB would need to raise its reward above r,,,, to still
attract consumers. This would lead to a negative profit and therefore the PDB prefers to remain inactive.
Assuming that p,,.. is above the unconstrained monopoly price p,,, the foreclosure price p,mq, + € is then

the minimum, and also the profit-maximizing price that ensures the exit of the PDB.

19 Formally, it holds that w <0 for ¢ > ¢ and q ¢ [¢7™, ¢T*"].
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In contrast, if p,mee < p*, the monopoly price is already sufficient to foreclose the PDB and the CSP is
not willing to lower its price any further, because, at p = p*, the CSP earns the maximum monopoly profit
1™ (p,q). In consequence, an unconstrained monopoly equilibrium candidate emerges as the fifth and final
equilibrium candidate in Stage 2. Solving p™ > p,.... With respect to quality ¢ yields that the CSP prefers the
monopoly equilibrium candidate over the foreclosure equilibrium candidate iff ¢ > ¢7;** := dQTkg —d(26p+1).

Having characterized the five equilibrium candidates in Stage 2 under the assumption that the PDB is
either active or inactive, we now investigate whether the CSP has an incentive to foreclose the PDB in
equilibrium candidates, where we have assumed the PDB to be active, and also whether the CSP has an
incentive to accommodate the PDB in equilibrium candidates, where we have assumed the PDB to be
inactive.

First, we analyze whether the CSP has an incentive to foreclose the PDB within the feasible ranges
of the positive income equilibrium or the minimum equilibrium candidates. At first, we show that the
unconstrained monopoly price p™ is insufficient to foreclose the PDB if the minimum income or the positive
income equilibrium indeed exist. We do so by comparing the maximum quality ¢5;** for which foreclosure
is possible with p,; to the feasibility thresholds of the positive income and minimum income equilibrium
candidates. Specifically, it holds that ¢};** < g and ¢y;** ¢ (¢, ¢’p*"] are satisfied for the entire range of
parameters. Next, we analyze whether foreclosure of the PDB with p,,... + € can be profitable within the
feasibility constraints of the minimum income or the positive income equilibrium (assuming € — 0). In the
positive income equilibrium this is never the case, as we can show by comparing the CSP’s Stage 2 profit in
the positive income equilibrium II™? (p, 7, .q) to the CSP’s foreclosure profit IT™ (p,,,q.,q). Specifically, it
holds that T (p,mae,q) > ITM P (py, 74, q) is never satisfied within the feasible range of the positive income
equilibrium candidate, i.e., for any ¢ € [¢7"", ¢7**].

Similarly, we investigate whether the CSP can obtain a higher monopoly profit TI™ (p,mas,q) by actively
foreclosing the PDB in the minimum income equilibrium candidate, where the CSP earns ITM* (p,in, Tmin, 4)-
In fact, there can exist a ¢7*** > g™ within the feasible range of the minimum income equilibrium candidate
that satisfies 1T (primas, @) > TP (Prnins "min, q)- Thus, for any ¢ € [g2ir, ¢7**) and ¢ ¢ [¢7*", ¢7*"] the CSP
finds it profitable to foreclose the PDB with p,,... + € in Stage 2 instead of playing the minimum income
equilibrium strategy. However, in Stage 1, the CSP will never choose a quality level within the range g €
[gmin q7*”) if it has an incentive to foreclose the PDB, because, intuitively, it is more profitable for the CSP
to choose a lower quality level ¢ < g™ in order to achieve foreclosure. In reverse, if the CSP has no incentive
to foreclose the PDB, it also does not choose a quality g € [¢mi", q7*”) in Stage 1, because it anticipates the
foreclosure outcome in Stage 2.

Second, we identify whether and when the CSP prefers accommodation of the PDB over fore-
closure or unconstrained monopoly outcomes in Stage 2. Accommodation is preferred over foreclo-

sure if the CSP’s duopoly profit TI™F(p,mae, Tmaez,q) €xceeds its monopoly profit I (p,... + €,q).

Solving TI™® (Dymaw, Tmazs @) > I (Prmes + €,q) with respect to ¢ yields the threshold ¢™™

acc,pmax =
—d252%0%(50+1)+6k(0—1)+k
ds?2 92

min
acc,pmax

,i.e., forg>gq the CSP prefers accommodation over foreclosure with p = p,.nmas-

Similarly, the CSP prefers accommodation over the unconstrained monopoly outcome if I (p,mazs Tmazs ¢) >



Haberer, Kramer, and Schnurr: The Economic Effects of Personal Data Brokers

48
™ (par, q)- Solving this inequality with respect to ¢, we obtain ¢, := 527’2 —d— Mfi V;fga_l as a minimum

threshold, i.e., for ¢ < g%, the CSP prefers the unconstrained monopoly with p = p" over accommodation.

We can then fully characterize the Stage 2 stage equilibrium by

ry = el if g € [q7™, gl

' (q) = arg max L@ e @] = = SR g > ma{ggin, Pty Ag ¢ [ar g,
r€Rg rmet =dé o otherwise,
po = TR if g € g7, q],
—3ds+ ds+q)2+8k . min ,maz min ,maz
. . - Pmin = 2 (4 2 if > ma?{{qmqulf A q% [q+ A B

P (0) = argmax N7 p07), 0] = pre =gt doo g€ [ an) Aa ¢ g, 7],

meu,z + € lf q € [qﬁaz’ min{q:éz’,lpmaz7 q}nafﬂ }]7

M =d if ¢ <min{qy;**, ¢}

25393

min : 7.._ d 7
{qacc,]\/l 1fk'>k— 6g+5—1/\k>0’

min __
acc

with ¢ e
qacc,p'maz

otherwise.

Figure 10 illustrates the equilibrium outcomes in Stage 2 for a given quality level, ¢, in Stage 1 and the
level of consumers’ transaction costs for using the PDB, &k , for a numerical example with d=5,§ =0.5 and
0 =2. Note that depending on the parameter values not all equilibrium types may exist (see, e.g., k =25
in Figure 10). Hence, the quality thresholds for the different types of equilibrium in r7F(q) and p*(q) are
characterized by minimum or maximum expressions and/or logical expressions.

In Stage 1, the CSP determines its quality investment in anticipation of possible equilibrium candidates in
Stage 2. Given the exogenous parameters k,d,d, and o the CSP can use its quality investment ¢ in Stage 1
to choose the most profitable outcome among the five feasible equilibrium candidates in Stage 2. To identify
the optimal investment choice ¢ across all equilibrium candidates, we first determine the profit-maximizing
quality for each individual equilibrium candidate within its feasible range and then select from those the
quality level associated with the highest CSP profit. The CSP’s profit depending on its investment in quality,
q, in Stage 1 and the respective equilibrium candidate in Stage 2 are given by
1

18
0777 pa) = (4 (246 + /(@5 T @7 1 %) +d6 (454 /(a5 + a7 +8F) + 4k — 3¢
_d*8%p? (20d%p(0p + 1) +20dgp + ¢°) — 2ddkp(20dp + d + q) + 2k*

B 2d?62 p? ’

IV (277 2 _ d?5%p? (20d?p(dp + 1) +20dgp + ) — 2d0kp(20dp + d + q) + 2k
b) rmax 2d262p2 )

" (=" py,q) (2d*6%(0+1)* +4dé(o+1)qg—7¢°)

I (2", prmaz» )

1
(2", p™, q) =1 (d* +2dg — ¢*) .

Anticipating the positive income equilibrium to emerge in Stage 2, the CSP maximizes its profit
"7 (™" py,q) by choosing its quality level according to the interior solution gy := 28d(1+ g). The interior

solution satisfies the feasibility constraints in Stage 2 if ¢4 < ¢"**. Solving this inequality with respect to o,
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Figure 10 Equilibrium outcomes in Stage 2 with transaction costs for using the PDB.

15

Note. Figure derived for § =0.5,d =3, 0=2,v =3, e =0. Qualitatively similar results are obtained for other parameter

values.

we obtain the threshold o7 such that for any ¢ > o7 the positive income equilibrium exists and ¢ is the
optimal quality choice.

If instead, the CSP assumes the minimum income equilibrium to arise in Stage 2, the CSP sets quality
Gmin, Which maximizes its profit II(z7%,p,.in,q). In order to satisfy the assumption of a minimum income
equilibrium it must then hold that g, > ¢™i". Solving this inequality with respect to o, we obtain ¢™" as
the minimum threshold, for which the minimum income equilibrium is still feasible, subject to ¢ = Gmin-

Given the optimal quality investment levels in both these equilibrium candidates, there then exists a
threshold ofp’* within the feasible range of the positive income equilibrium candidate, such that for all higher
quality levels ¢ > of?* the CSP prefers to switch to the minimum income equilibrium. To see this, we solve
"2 (27, Prmins Gmin) > 77 (27, p1, q4) with respect to o, which yields off’", such that for any o < off?"
the CSP prefers the minimum income equilibrium candidate. We then verify that o} > o7 for all valid

parameters, i.e., the CSP finds it profitable to induce the minimum income equilibrium candidate while the
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positive income equilibrium is still feasible. We can therefore conclude that the CSP will always choose its
interior solution as the optimal choice in the positive income equilibrium and never resort to a corner solution,
because in such a case it would always be more profitable to switch to the minimum income equilibrium
candidate.

However, for o < o™i" the quality choice g,,;, would lead to a reward below r,,,, and consumers would not
use the PDB in Stage 3. In these cases, the CSP may fix its quality level to ¢ = ¢™i", anticipating that this
yields an accommodation outcome, where the PDB pays out reward 7,,;,, = "mas in Stage 2 and consumers
use the PDB in Stage 3. In general, the CSP has an incentive to accommodate the PDB with its quality
decision in Stage 1 if it anticipates a higher profit with the PDB than without the PDB. Therefore, we first

characterize the foreclosure and the monopoly equilibrium and then compare the respective profits to the

accommodation outcome.

k—d252 02

= which maximizes
o

Anticipating a foreclosure equilibrium in Stage 2, the CSP chooses Grmqe :=
its profit IT™ (p,mas + €,q). In order for the foreclosure equilibrium candidate to be feasible, it must hold
that the CSP has no incentive to switch to the unconstrained monopoly price in Stage 2 given the quality
choice ¢rmaz- In fact, we already know from our analysis of Stage 2 that the CSP prefers the unconstrained
monopoly equilibrium candidate with p = p* over the foreclosure equilibrium candidate with p = p,.., for
any g < ¢y*®. Therefore, it must hold that ¢,ma. > ¢5;**. Solving this inequality yields the threshold o7}**,
i.e., the foreclosure equilibrium does not exist for any o < ¢7;**, because then the CSP would prefer to play
p™ instead of p,ma, in Stage 2. Hence, for o < o7:*®, CSP maximizes its profit IT™ (p,,, q) = d by setting the
monopoly quality level ¢™ and the unconstrained monopoly equilibrium emerges.

Finally, we analyze when the CSP prefers accommodation of the PDB over either foreclosure or the

unconstrained monopoly outcome. Specifically, it must hold that the accommodation profit outweighs the

e ’ prmax ’ Qmin) >

foreclosure profit or the unconstrained monopoly profit, respectively. We first solve I F (z
™ (%, Drmaz + €, @rmas )» Which yields the threshold 07, i.e., the CSP prefers accommodation over foreclosure
for any o > o7***. Second, we solve II"” (™", prmas, Gmin) > T (ar, par, qar), Which yields the threshold

Oned'ar» 1-e., the CSP prefers accommodation over the monopoly outcome for any o> o7y,

Based on the previous analysis, we can denote the CSP’s optimal investment in quality in Stage 1 as

4y = %(507(1 +0) if o> o',
min if 0 € (opiin, 07"
7P = arg max [HTP (xTP,pTP, q)} _ Tmin = ;Tkg —dé(o+1) ifoe fnﬁaX{g}m’fﬁw},ﬁ;m v
eR+ 0 € (o5l min{oin, 0y }
Grimas = E20E0 if 0 € (o5, min{ g}, ojnin}]
M=d if o <min{o7**, 01y}

Moreover, we can then fully characterize market outcomes with transaction costs as visualized for a
numerical example in Figure 7 in Section 6.2 (§ =0.5,d =3,v=23).
Positive income equilibrium for o> o’
qJTrP = §5d(g+ 1), piP = %5d(3g —4), TiP = %5d(49 -3), xiP = %5d(g+ 1),

1 9
TP _ 152 12 2 TP _ 2
I 775 d*(o+1)°, T 49(5d+5gd) .
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Minimum income equilibrium for o € (o, 0""]:

qz;fn = a‘rg Iﬂgiax [HMP (prapmin7 Q)} I pgl'z)n :p’m“’L (qz;lzjn% r;lr;fn = Tmzn (qz;fn),
qeE

SETP :(ETP( TP TP TP) HTP HTP( TP ) FTP FTP( TP TP)

min pmzn? qmln’ min min min? pmzn ) qmzn mn

Accommodation equilibrium for ¢ € (max{o}**, o5}, omin] V 0 € (o, min{ ot o }:

min Qacc M min> OM

2
0= 28 s 1), pTE = a5, TP — dsg,

d(s d5 acc Loce = ﬁp
k? 2k(p+1)
7P — _ 722 1)2 — FTP_ .
acc 2d 5 ( + ) d262p2 P) acc 0
Foreclosure equilibrium for ¢ € (07", min{ 07", oli"}]:
k— d252g2
TP __ TP — TP — TP
q5 —7(150 , Dy 0, r¢ ddo, x d(5 —ddp
rp_ (k—d*®p*) (k—d*6p(0p+2)) _rp_
;" =- 24252 p? , Iy =0.
Monopoly equilibrium for o <min{ o}, ol }:
rp_ @&

QM =d, pM =0, 7“ =ddp, ‘rM =d,1I, = 27F§/1P:0-

min? ' min/*

We further illustrate the market outcomes for a fixed level of transaction costs k = 3 and varying efficiencies

of the PDB, p. Figure 8a in Section 6.2 illustrates the optimal quality choice as a function of ¢ and Figure 8b

plots the corresponding equilibrium profit of the CSP (for k=3,5 =0.5,d = 3,v = 3). Figure 11 depicts the

CSP’s price and the PDB’s reward, while Figure 12 displays the PDB’s profit and consumer surplus for the

same parmater values.

Figure 11 Firms’ equilibrium strategies (for k =3,0 =0.5,d =3,v=3,e =0).

(a) CSP’s price. (b) PDB’s reward.
pTP fTP
20; 4
1.5¢ 3}
1.01 9 ;
0.5¢ [
r
0.0 — | : | L o I ‘
max -max min 2 min 4 —— L -mln L
0 Om O Omin [ 3 0 o o omin 2 o7 3

Appendix D: Data analytics technology investments

In the extension with data analytics technology, we index all outcomes in the scenario without PDB with A

and all outcomes in the scenario with PDB with AP. To ease notation, we assume € = 0.
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Figure 12 PDB’s profit and consumer surplus (for k=3, =0.5,d =3,v=3,e=0).
(a) PDB’s profit. (b) Consumer surplus.
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101

0 d e 2 o 3 4 ° 0 d e 2 o 3 4 °

D.1. Scenario without Personal Data Market

In the scenario without a PDB, the CSP’s profit function is given by

2
HA(LL'7p7q,t) = \/idil? +pr— % _atz'

The CSP chooses its optimal investment in data analytics technology ¢ in Stage 0, with all later stages
being the same as in the base model. Moreover, consumers’ utility function is the same as in the base model
without PDB, i.e. U4 :=U™.

Equilibrium derivation In Stage 3, consumers choose their optimal level of usage z4(p,q) = ¢ —p. In
Stage 2, investment costs with respect to quality and data analytics technology are already sunk. Anticipating
consumers’ usage decision, the CSP chooses its optimal price, given ¢ and ¢, p*(g,t) = q%m. In Stage 1, the
CSP chooses the quality level that maximizes its profit, given its investment in data analytics technology ¢
in the preceding stage: ¢*(t) = dv/t. Tt is easy to see that quality investment increases with investment in
data analytics technology, i.e. % > 0. In Stage 0, anticipating all subsequent decisions, the CSP chooses

its optimal investment in data analytics technology:

d2
t* =argmax [II* (2,p*,¢%, )] = o
teRy a
Monopoly equilibrium values are then given by :
d? d? d?
tA:— qui pA:O a’jAzi
da’ 2\/a’ ’ 2\/a’
d* d*
M =_—, C8=—.
16a’ 8a

D.2. Scenario with Personal Data Market
In the scenario with a PDB, the profit functions of the CSP and the PDB are given by:
A7 (z,p,q,t) =Vtddax +px — g —at?,
I4F(z,r,0) = /oddx —rz—bo>.
The CSP and PDB choose their optimal level of investment in data analytics technology independently,
but simultaneously in Stage 0. Stages 1 to 3 are then again the same as in the base model with PDB

(see Section 4). Moreover, consumers’ utility function is the same as in the base model with PDB, i.e.,
UAP - UMP.
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FEquilibrium derivation: In Stage 3, consumers choose their optimal usage taking into account quality
and price of the CSP as well as the reward offered by the PDB: z4¥(p,r,q) = ¢ — p + r. In Stage 2, the
CSP and the PDB simultaneously set p and r to maximize respective Stage 2 profits. Solving the system of
%fj’p’q’w =0and % =0, we obtain the following

equilibrium candidates in Stage 2, depending on the quality and technology investments in the preceding

equations given by the first-order conditions

stages:

TAP(q ¢ Q): rﬁp(qﬂf’Q) ;:w ifq<631—5d(\/{572\/§)7
N Tmin(0:1,0) =0 if ¢>7.

PP (gt 0) = {pg(qi,g) = %é;*‘”g ifg<g,

Pmin(a: 1, 0) 1= =5 if ¢ >7.

As in the base model, the PDB optimally chooses its reward either according to its unconstrained best

response or, if the unconstrained best response would yield a negative reward, according to the corner solution
AP = ¢, which is the minimum reward to ensure participation of consumers.

In Stage 1, anticipating prices and consumers’ usage, the CSP maximizes profit by either choosing a quality
level to accommodate to the existence of the PDB or by choosing a monopoly-like quality, which induces the
PDB to set a minimum reward of €. Thus, the CSP’s optimal quality choice in Stage 1, given the investment
levels t and p, is
G (9, 0) :=0d/t if t >1. ()

In Stage 0, the CSP and PDB simultaneously choose investments in data analytics technology, maximizing

P g){qﬁp(w) = 25d(Vt+ /o) ift<t:=2 (2V1d0+90),

their respective profit and anticipating subsequent quality, price and usage levels. Solving the system of
BHAP(xAP,pAP,qAP,t) _ O and BFAP(.ZAP,TA

P
0) ; i
i %% 2 = yields the following

equations given by first-order conditions

profit-maximizing investment levels:

AP 3252 (3 Yat+ V21 V) . -

AP AP (AP AP ;AP oy = 98 Tab if a>a,
0" =argmax [I47 (247,747, o(t*7))] = T 220V . _
oeRY Omin *= Tyav2l® ifas<a,

a252(212/3 3/2 7). _

AP ._ 2% \*" " Vv T

t47 = arg max [HAP (xAP7pAP’qAP’t(QAP))} _ = — s if a>a,
terd tAD =40 if a <.

min 4a

For a <@, it is profitable for the CSP to choose a monopoly-like investment level ¢2F = (adjusted by the

min

AP
min’?

competitive impact of the PDB) and for the PDB to choose an investment level o anticipating that it

will remunerate consumers only with a minimum reward r2? . For a > @, it is profitable for the PDB and
the CSP to choose investment levels tﬁp and gﬁp , respectively, anticipating that the PDB will remunerate

consumers with a reward T_’?_P > rib

from these strategy profiles given relative costs of the PDB and the CSP defined by @(b) and a(b).

in Stage 2. Below, we show that no firm has an incentive to deviate

In consequence, we obtain the following subgame perfect Nash equilibria:

Minimum income equilibrium :

ap _ B e EE L B8 L e
min 4@%[)%7 min 4a ) min 2\/&7 min ) main )
L A28 . dt ., 3dist L dist

[ i — = = min — .
min 2\/6? min 16@’ min 16m 8a
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Positive income equilibrium:

AP __

o = 98 /ab T 98a
- a1 st
_ i\/éd262 212/3\3/%4'_ 7 . 3v/21 " +9
49 a b ’
0252 (3\/3%{@*9 SWARAR w) 252 (4\/ BAYES gy 212/3§/§+7)
AP _ , AP = )
Py 192 * 192

0287 <\/212/33 g+7+\/3§/ﬁ§/§+9>
a b
mAP_
+ \/i

o <6fa2/3\/+4f\fb\/212/3* T Ty g (7 3f(z)2/3)“8a>

HAP
+ 1372ab ’
d454< (4\[1) 212/3 3 u+7\/3\F+7 12/362/3 2(2;5;;) +9a+14b>
I\AP:
+ 9604ab ’
2
212/3 3/a 47 3¥213/2 49
AP oot <\/ ¢ b +\/ { )
CSy =
+ 9604

We now calculate feasibility conditions for the equilibrium candidates and then derive a(b) and a(b) by
calculating the thresholds for which neither the CSP nor the PDB have an incentive to deviate from the
respective equilibrium candidate by playing an out-of-equilibrium strategy. The minimum income equilibrium
candidate is only feasible if in Stage 2, given quality and technology investments, the PDB would choose
a reward equal or below € (= 0) according to its unconstrained best response, thus opting for the corner
solution. This is the case for for a < b, otherwise the PDB’s reward in Stage 2 exceeds €. In contrast, the
positive income equilibrium candidate is only feasible if in Stage 2, given quality and technology investments,
the PDB chooses a reward above € according to its unconstrained best response. This is the case for a > 21%/64,
otherwise the PDB chooses the corner solution, violating expectations in earlier stages.

Next, we check whether the CSP or the PDB have an incentive and are able to deviate from the minimum

income equilibrium within the feasibility range determined by the condition a < b. Therefore, we first test

FAP

AP
min t

AP
min? szn deu)

whether the PDB can increase its profit by choosing a Q;‘;fn’ 4o that maximizes I'(x,r, p, ¢,
This is only possible if p/\7 ., induces a positive r that exceeds € in Stage 2, because otherwise the equilib-

>

AP
min? Qmin,dev)

rium choice p2¥ ' is profit-maximizing by construction. Solving the necessary condition r(p, g, t2>
0 yields a > 3b/2, which is outside of the feasibility range. Hence, the PDB is not able to profitably devi-
ate from the minimum income equilibrium within the feasible parameter range. We then test whether

the CSP has an incentive to deviate from the minimum income equilibrium. To do so, we check whether

the CSP can increase its profit IT\Y by choosing ¢, .., in Stage 1 and t,F ., in Stage 0 that max-
imize H(.’E ™D, qun dev) ﬁfn dev? gmzn) SOIVlng the COndlthnS H('T D, qun dev) :717.17,371, dev) szn) > Hﬁljn d

r(p, g2t AP ) > 0 simultaneously yields the solution a > @(b), with the threshold a(b) being

D, qmzn dev’ “min,dev? szn
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within the feasibility range of the minimum income equilibrium (i.e., @(b) < b). Based on the derived condi-
tions, we can conclude that the minimum income equilibrium exists for a < a(b), because within this range
no firm can profitably deviate from the equilibrium strategy configuration.

We then proceed analogously to check whether the CSP or the PDB have an incentive and are able
to deviate from the positive income equilibrium within the feasibility range given by a > 21/64b. First, for

the PDB it can be shown that it cannot profitably deviate from the positive income equilibrium, i.e.,

P
,dev

there is no Q‘i that yields a feasible solution, which simultaneously satisfies the necessary conditions
L(z,7,p,q,t17, 00%.,) > T47 and 7(p,q,t1", 01%,,) < 0. In contrast, we show that the CSP can profitably

deviate from the positive income equilibrium within the feasible range. More precisely, we show that the CSP

P

AP
,dev t

can choose g1, in Stage 1 and t{*,_, in Stage 0, such that the conditions II(z,7, p,¢%.,, t4 5., 01F) > TI1F
and 7(p, ¢}, 11 ey, 017) < 0 are satisfied simultaneously for the set of solutions defined by a < a(b) ~
0.807b. As a(b) > 2%/eas, the threshold a(b) is within the feasible range of the positive income equilibrium.
Based on the derived conditions, we can conclude that the positive income equilibrium exists for a > a(b),
because within this range no firm can profitably deviate from the equilibrium strategy configuration.
CSP’s quality with PDB: The CSP’s quality in the minimum income equilibrium never exceeds the
monopoly quality. To show this, we solve ¢* = ¢ . Tt is easy to see that the condition is only solved for the
trivial solutions d =0 and § =1 and the unfeasible solution § = —1. Otherwise, within the feasible parameter

range, ¢* > ¢*F . In contrast, quality in the positive income equilibrium may exceed the monopoly quality if

the cost advantage of the PDB is sufficiently large. To show this, we solve g* < qﬁp . Then, any solution must

875

—5 0. In addition, for the solution to exist within the feasible parameter

satisfy the necessary condition a >
range & must be sufficiently high.

CSP’s price with PDB: In the minimum income equilibrium the CSP’s price is always set to zero (for
e =0), which is identical to the price in the monopoly scenario. In the positive income equilibrium, the CSP’s
price is positive, and thus larger than the price in the scenario without PDB, for a > %b, which is the
unique feasible solution that satisfies the condition p* < p2”.

CSP’s profit with PDB: The CSP’s profit in the minimum income equilibrium never exceeds its profit
in the monopoly scenario. To show this, we solve I1* = IIAP . Tt is easy to see that the condition is only

solved for the trivial solutions d =0 and d =1 and the unfeasible solution 6§ = —1. Otherwise, within the

AP
min*

feasible parameter range, I14 > II In contrast, the CSP’s profit in the positive income equilibrium may
exceed the monopoly profit if the cost advantage of the PDB is sufficiently large. To show this, we solve
II* <II4{". Then, any solution must satisfy the necessary condition a > @(b) ~ 0.807b, which coincides with
the feasibility threshold for the positive income equilibrium. In addition, for the solution to exist within the
feasible parameter range ¢ must be sufficiently high.

Consumer surplus with PDB: Consumer surplus in the minimum income equilibrium never exceeds
consumer surplus in the monopoly scenario. To show this, we solve C'S* = CSAP | Tt is easy to see that
the condition is only solved for the trivial solutions d =0 and § = 1 and the unfeasible solution § = —1.
Otherwise, within the feasible parameter range, C'S4 > C'SA? |

In contrast, consumer surplus in the positive income equilibrium may exceed consumer surplus in the

monopoly scenario if the cost advantage of the PDB is sufficiently large. To show this, we solve CS4 <
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CS4P. Then, any solution must satisfy the necessary condition a > ;& (—147v/23%3b+ 63 22/3{/3b + 325b) ~
3.629b. That is, for consumers to be possibly better off with a PDB, the PDB must have sufficiently lower
investment costs for data analytics technology than the CSP.

Symmetric cost structures: For symmetric costs of the CSP and the PDB, i.e., b= a, consumer surplus
with the PDB is always lower than without the PDB. To show this, we solve C'S4¥ = CS4 assuming b:=a
and show that there is no solution within the feasible parameter range, except for the trivial solution d =0.
It is then easy to verify that C.S4¥ > ('S4 for a specific set of values within the feasible parameter range.

With symmetric costs b:= a, only the positive income equilibrium of the two identified equilibrium types

is a subgame perfect Nash equilibrium (as a > a(b) and a > @). Thus, consumer surplus with and without

the PDB is given by

d4

A _ JR—

Cst =,
cgar Y (16 +9v/21 + 3 212/3) d4*

9604a
Solving CS4¥ = CS* yields solutions d =0, § = —1.203 and § = 1.203, with the latter two being outside of

the feasible parameter range (§ € [0, 1]).



