
This article was downloaded by: [130.82.67.174] On: 23 January 2023, At: 12:20
Publisher: Institute for Operations Research and the Management Sciences (INFORMS)
INFORMS is located in Maryland, USA

Information Systems Research

Publication details, including instructions for authors and subscription information:
http://pubsonline.informs.org

Bidding on a Peer-to-Peer Energy Market: An Exploratory
Field Study
Anselma Wörner, Verena Tiefenbeck, Felix Wortmann, Arne Meeuw, Liliane Ableitner, Elgar
Fleisch, Inês Azevedo

To cite this article:
Anselma Wörner, Verena Tiefenbeck, Felix Wortmann, Arne Meeuw, Liliane Ableitner, Elgar Fleisch, Inês Azevedo (2022)
Bidding on a Peer-to-Peer Energy Market: An Exploratory Field Study. Information Systems Research 33(3):794-808. https://
doi.org/10.1287/isre.2021.1098

Full terms and conditions of use: https://pubsonline.informs.org/Publications/Librarians-Portal/PubsOnLine-Terms-and-
Conditions

This article may be used only for the purposes of research, teaching, and/or private study. Commercial use
or systematic downloading (by robots or other automatic processes) is prohibited without explicit Publisher
approval, unless otherwise noted. For more information, contact permissions@informs.org.

The Publisher does not warrant or guarantee the article’s accuracy, completeness, merchantability, fitness
for a particular purpose, or non-infringement. Descriptions of, or references to, products or publications, or
inclusion of an advertisement in this article, neither constitutes nor implies a guarantee, endorsement, or
support of claims made of that product, publication, or service.

Copyright © 2022 The Author(s)

Please scroll down for article—it is on subsequent pages

With 12,500 members from nearly 90 countries, INFORMS is the largest international association of operations research (O.R.)
and analytics professionals and students. INFORMS provides unique networking and learning opportunities for individual
professionals, and organizations of all types and sizes, to better understand and use O.R. and analytics tools and methods to
transform strategic visions and achieve better outcomes.
For more information on INFORMS, its publications, membership, or meetings visit http://www.informs.org

http://pubsonline.informs.org
https://doi.org/10.1287/isre.2021.1098
https://doi.org/10.1287/isre.2021.1098
https://pubsonline.informs.org/Publications/Librarians-Portal/PubsOnLine-Terms-and-Conditions
https://pubsonline.informs.org/Publications/Librarians-Portal/PubsOnLine-Terms-and-Conditions
http://www.informs.org


Bidding on a Peer-to-Peer Energy Market: An Exploratory
Field Study
Anselma Wörner,a,* Verena Tiefenbeck,a,b Felix Wortmann,c Arne Meeuw,c Liliane Ableitner,a Elgar Fleisch,a,c

Inês Azevedod

aETH Zurich, 8092 Zurich, Switzerland; bUniversity of Nuremberg, 91054 Erlangen, Germany; cUniversity of St. Gallen, 9000 St. Gallen,
Switzerland; dStanford University, Stanford, California 94305
*Corresponding author
Contact: awoerner@ethz.ch, https://orcid.org/0000-0003-3369-6334 (AW); verena.tiefenbeck@fau.de,

https://orcid.org/0000-0001-8827-5575 (VT); felix.wortmann@unisg.ch (FW); arne.meeuw@unisg.ch (AM); lableitner@ethz.ch (LA);
elgar.fleisch@unisg.ch (EF); iazevedo@stanford.edu (IA)

Received: July 8, 2020
Revised: March 9, 2021; September 17, 2021;
December 6, 2021
Accepted: December 8, 2021
Published Online in Articles in Advance:
June 9, 2022

https://doi.org/10.1287/isre.2021.1098

Copyright: © 2022 The Author(s)

Abstract. Moving toward sustainable energy systems to address climate change is one of
the key challenges of our generation. To that end, investments in renewable energy and
balancing renewable supply and energy demand on the larger scale are crucial. One mech-
anism to create price signals for demand balancing, as well as for consumer engagement, is
to establish trading platforms (or peer-to-peer (P2P) markets) through which households
can directly buy and sell renewable energy. However, residential consumers are typically
lay users with little or no previous exposure to the complexity and the dynamics involved
in energymarkets. More so, empirical research on consumer engagement in the energy sec-
tor indicates that individuals tend to act against their stated proenvironmental intentions
and to lose interest in energy management systems particularly quickly—calling into ques-
tion regulatory efforts to foster P2P markets to push the transition to renewable energy.
We have implemented the first empirical study worldwide that analyzes bidding behavior
in a real-world P2P energy market, in which users bid for solar energy via an auction
mechanism. For the duration of an entire year, users could interact with the market using a
web app. The prices settled on the P2P market directly impacted participants’ electricity
bills. We provide unique empirical evidence showing that (1) participants were willing to
engage in energy trading and that (2) they understood the market mechanism surprisingly
well and exhibited learning effects. Still, bidding behavior did not reflect their stated inten-
tion of paying a price premium for local solar energy. The market outcomes reveal that
P2P energy markets can indeed have a positive impact on balancing demand and supply,
thereby addressing the fundamental challenge of distributed renewable energy systems.
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1. Motivation and Introduction
Distributed renewable energy generators, together
with an electrification of transport and heating, play a
pivotal role in cutting greenhouse gas emissions
(Siler-Evans et al. 2013, International Energy Agency
2018), and therefore in mitigating climate change
(United Nations 2019). One way to foster the diffusion
of renewable energy generators among private con-
sumers is peer-to-peer (P2P) markets in which owners
of photovoltaic (PV) panels can sell solar energy to
their neighbors (Gholami et al. 2016). In the past few

years, many countries have drafted or implemented
legislation to accommodate P2P energy markets to
encourage such user-centric market models. For
instance, a recent European Union directive required
all member states to implement laws ensuring that
consumers have the option to trade electricity
between households by 2021 (European Commission
2018). Policy makers thereby aim to make renewable
energy resources more accessible and attractive to
consumers and to reconsider dynamic pricing as a
mechanism to induce short-run demand response in
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electricity markets, where demand and supply are
both highly variable (Bollinger and Hartmann 2020).
Given the opportunity to sell their renewable energy
on accessible online platforms, private consumers
may start leading the way toward a radically trans-
formed energy market and, possibly, toward more
efficient resource use (Bapna et al. 2004, Guo et al.
2012, Einav et al. 2016).

The success of such P2P markets hinges on consum-
ers’ acceptance of and engagement with these interac-
tive systems. However, the assumptions and empirical
findings that are valid in other online markets may not
hold for the energy context. First, consumer-centric
market design is a novelty in the energy sector, in
which consumers are used to perceiving electricity as
a commodity that does not require any active manage-
ment from their side. Second, most individuals are lay
users with limited understanding of the energy sector
(Wilcox 2000, Chen et al. 2021). Given their hitherto
passive role, there was no need for consumers to
develop an understanding of topics such as the market
logic of supply and demand, or physical grid limita-
tions and abstract measurement units like kilowatt
hours. Third, interaction with the P2P electricity mar-
ket is voluntary for consumers (as opposed to systems
designed for professional traders), and engagement
with the market competes with many alternative ways
for consumers to spend their free time. Fourth, the
monetary sums per transaction are very small, and
even in total, relatively small sums are at stake. Hence,
dedicating hours to optimizing one’s bidding strategy
and energy consumption patterns in a P2P energy
market may not necessarily pay off. Finally, in contrast
to one-time auctions where no bidding means no par-
ticipation in the auction, electricity platforms involve a
long-term interaction with recurring clearing periods.
Because consumers will obviously not update their
bidding preferences every 15 minutes, the design of
the platform needs to define rules for bids in subse-
quent time steps and defaults in the absence of active
choices being made. For all these reasons, it remains
unclear whether P2P energy markets really are a viable
means to achieve the goal of engaging consumers and push-
ing the transition toward renewable energy. To address
this gap, we present the first field study that investi-
gates an information system (IS)-enabled marketplace
for P2P energy trading in the real world. We first eval-
uate whether consumers actually engage in P2P trad-
ing of energy (Section 4.1). Next, we examine their bid-
ding behavior to understand whether they are able to
deal with the complexity of an auction market in this
context, and whether they follow a cost-minimizing
strategy or are willing to pay a price premium for
locally generated solar electricity (Section 4.2). Finally,
we investigate the efficiency of the P2P market and

whether it creates incentives for consuming (and gen-
erating) renewable energy (Section 4.3).

During a one-year framed field study, we observed
participants’ bidding behavior in an online auction
market for solar energy. More precisely, 37 residential
customers of a utility provider in a Swiss town formed
a local P2P market. We designed, implemented, and
deployed a trading platform using a blockchain sys-
tem that ran on smart meters installed in the partici-
pants’ homes. Participants interacted with the P2P
market using a web application. Our field study
allowed us to evaluate the bidding activity and con-
tinuous use of the system over the course of one year,
and hence to investigate time effects including learn-
ing effects, fatigue, or loss of interest. Notably, the
application enabled the participants to state the maxi-
mum price they were willing to pay for locally pro-
duced solar energy, as well as the minimum price at
which producers were willing to sell. Unlike the inten-
tional statements elicited in existing survey studies,
which merely indicated theoretical willingness to pay
(WTP), participants’ bidding behavior in this study
directly influenced their actual electricity bills. Our
findings thus complement conceptual and purely
survey-based research on P2P energy markets. We
further provide insights into the real-world impact in
terms of market prices for electricity, as well as the
resulting allocative efficiency of the market. By allow-
ing actual human participants to define consequential
bids for electricity traded in a P2P market, we evalu-
ate whether such bottom-up market mechanisms can
efficiently coordinate distributed energy resources at
the household level.

The implications derived from our empirical insights
can be instrumental for designing sustainable energy
systems and regulatory frameworks for smart sustain-
able markets.

2. Related Work
Online auctions are some of the purest market design
problems that arise in practice (Roth 2008), as they
provide an ideal setting to study individuals’ bidding
behavior. In the digital economy, involving private
individuals in price-setting procedures via auctions
has become feasible and increasingly popular (Bapna
et al. 2003).

2.1. Bidding Behavior in Online Auctions
Although the theory on market design provides valu-
able guidelines for developing intuitions, mechanisms
that work well under the simplifying assumptions
about human behavior in theoretical models can fail
in real-life challenges (Chen et al. 2021). Hence, the
bidding behavior of individuals in online markets
may deviate from theoretical predictions and might
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vary among individuals (Wilcox 2000). Most theoreti-
cal models do not account for bounded rationality,
limited attention, learning effects, or bounded self-
interest, etc., which characterize human decision mak-
ing in many real-world situations. Consequently, in
recent years, scholars in many domains have turned
to empirical experiments and field studies to develop
a more applicable and holistic understanding of
behavior in online marketplaces (Ågerfalk 2014). In
fact, empirical studies of online auctions have
revealed the existence of time trends and heteroge-
neous bidder types based on bidders’ time of entry,
time of exit, and number of bids (Bapna et al. 2004, Lu
et al. 2016). For instance, Goes et al. (2012), Wang and
Hu (2009), and Wilcox (2000) report that learning
effects from previous experiences (i.e., bidders react to
their performance in previous instances of an auction)
occur for online auction websites in the retail domain.
Additionally, Goes et al. (2012) find indications for the
“declining price anomaly,” which describes the phe-
nomenon that market prices in sequential auctions of
identical goods decline over time (McAfee and Vin-
cent 1993, p. 1). Overall, these studies suggest that
bidders’ previous experiences can have a significant
impact on their behavior in online auctions.

2.2. Consumer Engagement in Energy Systems
Whereas these effects reveal how online auctions
engages participants over time, empirical analyses of
engagement programs in the energy sector report
time trends of a different nature: high attrition rates, a
rapid decline in engagement, and various forms of
consumer inertia. The roll-out of millions of smart
electricity meters across the globe had been driven by
the hope that these meters would empower consum-
ers to manage their energy resources more efficiently
(Ehrhardt-Martinez et al. 2010), but most programs
report very modest engagement levels. In particular,
programs that require consumers to repeatedly take
action (like logging into a portal) typically report vari-
ous forms of consumer inertia, including low initial
take-up rates, high attrition rates (Buchanan et al.
2015, Gölz and Hahnel 2016), a rapid decline in the
use of the feedback portals or in-home displays pro-
vided (Strengers 2013, Gölz and Hahnel 2016), or par-
ticipants’ tendency to stick to the default settings
(Ebeling and Lotz 2015). This lack of active participa-
tion and user engagement in energy programs creates
challenges for transitioning to more sustainable con-
sumption patterns (Tiefenbeck et al. 2019)—after all,
even the introduction of autonomous systems to opti-
mize energy consumption patterns requires user adop-
tion and investment in the first place.

In the context of P2P energy markets, there is a lack
of empirical research with a behavioral focus, as
most existing studies on the topic (1) are conceptual,

(2) focus on the technical implementation, or (3) are
limited to stated intentions in the context of hypotheti-
cal scenarios. So far, bidding behavior in P2P energy
markets is imputed either from survey-based research,
economic theory, or highly simplified behavioral mod-
els. For instance, Mengelkamp et al. (2017a) analyze a
time-discrete uniform double auction for solar energy
in a simulated P2P market with standardized con-
sumption profiles for which they construct artificial
bidding data. Survey studies investigating price pref-
erences in P2P energy trading communities based on
hypothetical scenarios provide mixed results. The
results of studies by Hahnel et al. (2019) and Ecker
et al. (2018) suggest very high interest in P2P markets
and high potential uptake rates (e.g., of 77% among
German homeowners). The former reports a high
price elasticity for the largest cluster of participants,
indicating the importance of financial aspects and
price preferences in P2P energy trading. By contrast,
based on a representative sample of 489 German
homeowners, Ecker et al. (2018) report a willingness to
pay a price premium of 20% on average for generating
energy from their own PV panels or battery storage
systems.

Yet, survey results do not always provide a true
representation of individual preferences (Fishbein and
Ajzen 1975). Participants’ responses may be subject to
the intention–behavior gap frequently observed in
particular in the context of prosocial behavior (Car-
rington et al. 2014) or to a social desirability bias.
Hence, consumers may not only often act against the-
oretical predictions, but even against their own stated
intentions. These phenomena highlight the impor-
tance of collecting empirical evidence in the field.

3. Study Design
We conducted a framed field study to examine bid-
ding in a real-world P2P energy market. The study
took place in a town in Switzerland and lasted for one
full calendar year, from January 7, 2019, through Janu-
ary 6, 2020 (Figure 1). It is one of the first realizations
in the world of a P2P electricity exchange in which
households can engage in direct trading of solar
energy using an information system.1 We allowed
participants to actively bid price preferences for
locally produced solar energy and collected bids and
asks at 15-minute intervals throughout the study. The
field study was conducted in collaboration with the
local utility provider who served as a trusted local
point of contact. Together with the academic research-
ers, they selected a community with a high penetra-
tion of residential PV panels. Forty-one households in
this community were recruited through the mail for
participation in the experiment, 37 of which agreed to
participate. The sample (n � 37) included 36 residential
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households and one retirement home. The majority of
the participating households (np � 31) either already
had solar panels on their roofs or owned a share of a
solar panel on the roof of their apartment building
prior to the study; these participants were considered
prosumers. The aggregate peak PV capacity was
around 280 kW. In addition, nb � 7 prosumers owned
(a share of) a home energy storage system (which were
not actively controlled by the P2P trading platform).
When electricity supply and demandwithin the micro-
grid were not balanced, the utility provider bought or
sold excess capacities at the previously existing feed-in
tariff (9.79 c./kWh)2 and retail tariff (20.75 c./kWh),
respectively. The P2P market thus operated in grid-
connectedmode (Halu et al. 2016).

In addition to real-time information on supply and
demand available through a web application, partici-
pants received monthly reports summarizing the
information available on the web application. It
included their energy consumption and production,
the resulting expenses, and their share of local energy
supply. This report also stated the participant’s aver-
age price bids, as well as the average bids and asks
from all market participants. Participants who had
often failed to purchase local electricity when it was
available in the past month received a note stating,
“X% of your electricity demand could have been met
by local electricity. A local trade did not take place, as
your bid price was too low/the producers’ asking
price was too high to be matched.” Likewise, prosum-
ers who had defined a very high asking price received
a similar message informing them of missed opportu-
nities. The reports were sent out at the end of each
month via email. After 6 months and again after 12
months (i.e., in July 2019 and January 2020), partici-
pants received a bill sent out by the utility provider,
which contained a financial summary of their local
trading activities. The bill contained the same infor-
mation as the monthly reports aggregated for six
months, along with a payment slip to settle the result-
ing amount due. Electricity bills were based on the
prices and trades arranged according to participants’
bids and asks in the auction. Their bidding behavior

thus had actual monetary consequences, which had
been communicated to the participants at an informa-
tion event prior to the study (attended by 29 out of 37
households), through the mail, and via the user inter-
face. In addition, all participants had signed a letter of
consent in advance. Our field study thus allows us to
elicit price preferences from actual trading activity
over the duration of an entire year.

3.1. Information System
Figure 2 gives an overview of the layers of the IS
deployed to run the P2P energy market.

3.1.1. Infrastructure. To enable P2P trading among
participants in real time, we deployed a distributed
information system that was developed for the pur-
pose of this study: We installed custom-built smart
metering devices that measured electricity consump-
tion in each household. Prosumers received a second
smart meter for measuring electricity production from
their PV panels, and owners of a battery storage sys-
tem received a third device for measuring battery
loads. In total, 75 metering devices were deployed. All
devices were connected to the internet, and they mea-
sured electricity loads in time intervals of 15 minutes.
The smart metering devices formed a private permit-
ted blockchain and locally computed the P2P transac-
tions using the market application described below,
without requiring a central server. Each transaction
among households was stored on the blockchain,
which served as the basis for the electricity bills.

3.1.2. Application. Together with the electricity loads
e measured by the smart meters, bid price pb and ask-
ing price ps (defined by participants) were input to a
time-discrete, iterative discriminatory double auction
(Borenstein et al. 2002, Fabra et al. 2002) to allocate
electricity trades within the market (Figure 3). Partici-
pants’ buy and sell orders for local electricity, bB �
(pb, e+) and bS � (ps, e−), were collected in 15-minute
“clearing periods.” After the orders were collected, an
auction mechanism was run to clear the market and
determine the resulting electricity trades. The auction

Figure 1. (Color online) Course of the Field StudyDuring the Year 2019

Notes. Reports on energy consumption and expenses/revenues were sent out every month by email. The analyses of bidding behavior exclude
the month of April 2019. During that period, the bidding in the discriminatory double auction was interrupted by a one-month experiment in
which participants faced a dynamic uniform price. Specifically, the price-setting function (that allows participants to change their bids/asks) on
the web application was disabled to test a different pricing mechanism. Given space constraints, the results are not included in this paper, but
are available upon request.

Wörner et al.: Bidding on a Peer-to-Peer Energy Market
Information Systems Research, 2022, vol. 33, no. 3, pp. 794–808, © 2022 The Author(s) 797

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
s.

or
g 

by
 [

13
0.

82
.6

7.
17

4]
 o

n 
23

 J
an

ua
ry

 2
02

3,
 a

t 1
2:

20
 . 

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y,
 a

ll 
ri

gh
ts

 r
es

er
ve

d.
 



matched the buy order with highest bid and the sell
order with lowest ask and progressed in descending/
ascending order through the entire order book (ties
were resolved by a random draw); an example is pro-
vided in Figure 3. The transaction price for each
matched trade is the mean of the bid and asking prices
of the respective orders of a matched buyer–seller pair
(“discriminatory/midpoint pricing”), p � 1

2 · (pb + ps).
Prices thus reflect the availability of solar energy in
near real time (Rosen and Madlener 2013). The auc-
tion applied a discriminatory pricing rule, which
means that the transaction prices directly depend on
participants’ own bids/asks (Fabra et al. 2002). Com-
pared with a uniform market clearing price, partici-
pants thus have an immediate influence on the prices
they pay, which provides more direct and consequential
feedback on their bidding behavior and can facilitate
their understanding of the market mechanism. Further-
more, discriminatory price auctions for electricity tend

to yield lower volatility in prices and reduce vulnera-
bility to implicit collusion compared with uniform
price auctions—at the cost of higher prices in off-peak
periods (Fabra et al. 2002, Klemperer 2002, Rassenti
et al. 2003).

3.1.3. User Interface. Participants received access to
an individualized web application built for the pur-
pose of this study. The application allowed them (1)
to monitor real-time data on their energy consump-
tion (and production, if applicable) and on their past
trading behavior and (2) to place price bids. By adjust-
ing a price slider element, they could express their
WTP for solar electricity produced by their neighbors
in the microgrid pb.3 Prosumers were also able to
define their willingness to accept (WTA) ps, that is,
their minimum asking prices for selling energy from
their solar panels to other households, as opposed to
selling it to the utility provider at the feed-in tariff (tf).

Figure 2. (Color online) Overview of the System Architecture of the P2P EnergyMarket Deployed in the Field

Note. The discriminatory double auction receives inputs from smart meters and the web application used by participants.

Figure 3. (Color online) Schematic Example of the Discriminative Double Auction

Note. The decreasing, increasing, and dotted lines illustrate bids, asks, and clearing prices respectively.
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The feed-in-tariff and retail tariff of the utility pro-
vider were indicated on the slider elements for orien-
tation, but the slider range also allowed participants
to set their bids above retail price (expressing a prefer-
ence for green/local electricity) or to offer solar
energy for free within the neighborhood. The slider
element is depicted in Figure 4, and a screenshot of
the web application is available in Appendix A.

3.2. Data and Participants
The one-year data collection resulted in an extensive
data set containing 15-minute load profiles, auction
clearings and transactions from more than 35,000 peri-
ods, and the participants’ bidding behavior. The mea-
sured electricity demand of 37 participants and the
generation profiles of the 31 prosumer households
were cleaned of (potential) measurement errors (e.g.,
zero consumption when a smart meter was offline).
To gather supplementary information on participants’
preferences and their sociodemographics, we also con-
ducted pre- and postexperimental surveys. Among the
32 participants who filled out the preexperimental sur-
vey, 30 were male, and the average age was 55.2 years
(standard deviation (SD), 12.9). The average household
size was 2.9 people (SD, 1.19). The retirement home
had over 100 habitants, for which one representative
interacted with the application and filled out the sur-
veys. Twenty-one of the survey respondents were
employed, 10 were retired, and 1 described herself as a
stay-at-home mother. Seven households lived in apart-
ments, and the others in single-family homes.

4. Experimental Results
This study creates a unique opportunity to evaluate
bidding behavior in a P2P energy market. We observe
real electricity consumption and production data, as

well as the behavior of participating households in
terms of their trading behavior and price preferences
throughout all seasons.

4.1. Consumer Engagement
Research on consumer behavior suggests that consumer
engagement in environmental and energy-conservation
programs is very limited and short-lived. Given that
engaging consumers actively in the energy transition is
one of the key aims of establishing new market models
such as P2P markets and dynamic prices (European
Commission 2018, Hahnel et al. 2019), we examine con-
sumers’ engagement over time in this one-year study.Among
the 37 participants who signed up for the P2P market
through the mail, 28 registered for the web app, and 9
never did (we call them passive users). It is important to
mention that four of these households do not even use
email or did not provide us with an email address, so
they were technically not able to sign up/sign into the
web application that we provided. These four also did
not participate in the surveys accompanying the study.
However, they did participate in the P2P trading, buy-
ing and selling at the default bids; they were informed
about the system through the mail upfront and received
the respective remuneration for their trades.

During the one-year study, most active users made
use of the price-setting functionality of the web appli-
cation that allowed them to define their willingness to
pay/willingness to accept as shown in Appendix C.
By adjusting the price sliders, they overruled the
default bids that were preselected for all participants
in the study (based on the previous retail tariff tr/
feed-in tariff tf) of pb � tr � 20:75 c./kWh and ps � tr �
9:79 c./kWh. Twenty-seven of the 28 active users
defined their own price bids at least once during the
field study. Moreover, many of these participants

Figure 4. (Color online) Price Slider Elements in theWeb Application for Prosumers in the P2PMarket

Note. The consumer version included only the buying slider on the left.
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returned to the web application at some point to
adjust their bids; in fact, 20 participants (43%)
changed their bids more than 10 times throughout the
year. Some of them adjusted their bids very fre-
quently; there were even a few “power users,” with
one participant adjusting their bids a total of 142 times
throughout the year. Whereas consumers could only
adjust a buy bid, the prosumer households tended to
adjust their ask prices more often. This level of bid-
ding activity is in stark contrast to consumers’ high
propensity to stick to defaults when choosing their
basic energy contracts, which has been observed in
related work (Ebeling and Lotz 2015). Although it is
not surprising that most price changes occurred in the
first months of the study, some of the participants
returned every month to adjust their bids/asks.
Remarkably, there was a resurgence in bidding activ-
ity over the summer months—even though bidding
had been deactivated for one spring month in April,
which could have caused users to lose interest in
bidding.

4.2. Bidding Behavior and Learning Effects
Next, we examine the actual bids and asks that partici-
pants placed for local solar energy to learn about their
preferences, and to examine whether they could cope with
the complexity of the market. In the survey before the
start of the field study (n � 32), a majority of the par-
ticipants stated that they would be willing to pay a
price premium for locally generated solar energy,
indicating a willingness to pay an average increase of

roughly 13%. These findings are in line with existing
survey-based literature in which participants state a
higher willingness to pay for local/renewable energy
(Ecker et al. 2018). Panel (a) of Figure 5 shows the par-
ticipants’ average bid and asking prices over the entire
year. The average bid price for electricity on the local
market was 18.48 c./kWh (SD, 2.70); the average ask-
ing price was 13.01 c./kWh (SD, 3.38). This means
that individuals who actively logged into the web app
placed bids that were actually lower (or higher) than
the default bid (or asking) prices defined by the utili-
ty’s tariff. These observations reveal something very
different than the survey responses would lead us to
believe: Participants almost exclusively defined bids
below the utility’s electricity tariff, and thus hardly
any participants offered (or were willing to pay) a
price premium in the real market. Conversely, pro-
sumers typically defined asking prices above the feed-
in tariff offered by the utility (tf) for selling electricity
on the local market. There is no evidence of a willing-
ness to accept less than the feed-in tariff to supply
other households in the community. In particular, the
bids by participants who stated a willingness to pay a
price premium (lighter filled circles in Figure 5(b)) are
not significantly different from the participants who
stated that they were not willing to pay a price pre-
mium (darker circles). Similar to other field studies in
the energy domain, this provides evidence of an
intention–behavior gap or a social desirability bias in
the survey results (Carrington et al. 2014), calling into
question the results from existing survey-based research

Figure 5. (Color online) Bidding Behavior Observed

Notes. As shown in panel (a), contrary to their stated preferences for buying renewable energy, participants on average bid a price below the
standard energy tariff of 20.75 c./kWh. In panel (b), each dot represents the average bid and ask by one participant (the identity line represents
that WTP is equal toWTA; dots representing identical bids overlap).
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on P2P energy markets and consumers’ willingness to
pay for renewable energy. Figure 5(b) highlights that,
not only on average, but also on the individual level,
participants did not live up to their survey statements
about offering a price premium for local solar energy.

On the other hand, we do not observe cost-minimizing
behavior either, which theoretical models would predict
in a competitive market. Assuming that individuals do
not care about the origin of their energy supply, their
utility function would be solely defined by the cost of
energy, which would result in prices equal to marginal
costs of production in the long run (see also Appendix
D). Thus, strictly cost-minimizing sellers would reduce
their asking price ps to the feed-in tariff, which represents
themarginal cost in the present setting (i.e., the opportu-
nity cost of not selling to the utility).4

Over the course of the study, however, we observed
a highly significant decrease in bids and asks; hence,
participants moved closer to the competitive equilib-
rium in a market of cost-minimizing agents (i.e., to
bidding at the feed-in tariff tf). The average bid in
December was 4% lower than the average bid in Janu-
ary. The decline was even more pronounced in asks
(12% decrease from January to December). In a quali-
tative analysis of individual bidding behavior, we
identified 10 bidders who reduced the prices they bid
over time, and 15 bidders who reduced their asking
prices. Furthermore, 9 participants seemed to follow a
seasonal pattern with their bids, that is, they bid lower
prices in summer, and only 2 did with their asks. In
addition, a handful of bidders changed their price set-
tings over time but did not follow an obvious pattern,
with prices that seem rather erratic. A thorough exam-
ination of demographic- and personality-related items
did not reveal significant effects on the observed bids
or explain variations in behavior.

However, we do find that (1) the effects of market
information, like the average prices defined by all partic-
ipants or the total sum of energy demand, were greater
on asks than on bids, and that (2) the explanatory power
of these variables was also much higher for asking pri-
ces. This matches the observation that participants
changed their asks more often and the fact that there are
many prosumers in the sample of participants for
whom the selling side of the market is financially more
relevant. In further empirical analyses,5 we also find
that the share of previous P2P sales shows a highly sig-
nificant effect on asking prices which indicates that par-
ticipants learned from their previous behavior and
reduced their asks when they had been unsuccessful in
previous auctions. Although evidence for learning effects
has been found in other studies on sequential bidding in
online auctions (Bapna et al. 2004, Goes et al. 2012),
this is remarkable in a low-involvement, low-incentive
domain like the present application. The overall trend
toward the competitive equilibrium confirms the
observation by Wilcox (2000) that experience in online
auctions leads to behavior more consistent with game-
theoretic predictions, despite participants’ intentions
for paying more for local renewable energy.

In order to gain deeper insights into participants’
understanding of the market logic and its dynamics,
we asked participants six comprehension questions
about the market mechanism and pricing in the post-
experimental survey (e.g., “Would you recommend a
befriended consumer to (a) increase, (b) decrease, (c)
hold their bid if solar production on the P2P market
increased?”; see Appendix B for an overview of topics
covered in the survey). Interestingly, the majority of
survey respondents correctly answered the compre-
hension questions around the market logic on the P2P
market, which is somewhat surprising for lay users

Figure 6. (Color online) Number of Price Changes byMonth

Note. Market inefficiency (dashed line) declines as price changes decrease.
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given the complexity of the market dynamics. On that
basis, we conjecture that the market outcomes and the
declining price trend do in fact reflect participants’
preferences rather than erratic behavior.

4.3. Balancing of Supply and Demand
Given the preferences and learning effects we
observed, we further examine whether the resulting mar-
ket prices successfully created incentives for balancing
renewable supply and energy demand. To that end, we
examine quantitative and qualitative evidence for the
distal impact of the P2P energy market in terms of
energy allocation, efficiency, and price signalling.

First, the data collected reveal that the matching of
buyers’ WTP and sellers’ WTA in our local market was
highly efficient. Prosumer households consumed 34% of
the electricity they generated themselves (see Table 1),
and, using the P2P market, the community purchased
another 28% of their electricity from their neighbors.
Our analyses show that with the given load curves, an
increase of only two percentage points, that is, to 30%
peer trades, would have been mathematically possible
when ignoring participants’ WTA/WTP, revealing a
very high allocative efficiency in this market. Despite
this fact, 38% of the generated solar electricity was still
sold to the utility company. As discussed below, there is
a substantial mismatch between when energy is con-
sumed and when PV energy is generated. In the absence
of larger systems that allow for storing or shifting loads
at scale, these numbers indicate that the share of pro-
sumers in the sample was too large compared with pure
consumers; hence, in the majority of sunny hours, the
supply on the P2P market exceeded local demand. To
put this into perspective, Figure 6 sets bidding activity in
relation to the allocative efficiency of the market. The
bars depict the number of price changes per month; the
dotted line (plotted on the y-axis on the right) reflects
the allocative inefficiency occurring as a result of mis-
matching price bids on the market. After a peak in June
(when an additional 8% of the total consumption could
have been covered in the local market if WTA and WTP

had matched), market inefficiency decreased again, and
from September onward, inefficiency was lower than it
was from January to March. We attribute this to the
learning effects described above.

Based on the observed bids, trades among peers
cleared at an average price of ¯̂pt � 15:65 c./kWh (SD,
1.86). Figure 7 shows average daily electricity prices
for consumers on the market in winter (as an example,
January) and in summer (as an example, July), as well
as the average consumption and generation profile.
The prices depicted are the prices consumers in this
market incurred on average and thus are weighted
averages of the transaction prices from the auction
and the utility retail tariff tr � 20:75. Taking local
trades and electricity purchased from the utility
together, participants incurred a total average price of
¯̂pc � 19:01 c./kWh (SD, 2.65) throughout the year. The
black curve illustrates the fact that average prices
dropped during the day when solar power was avail-
able, hence creating an incentive for consuming solar
energy when it was available. Even so, the monthly
graphic is still an aggregated visualization of average
price signals per month, whereas the actual P2P trans-
action prices varied every 15 minutes, immediately
signalling changes in demand and supply. As was to
be expected, the transaction prices for solar energy
decreased over the summer months and increased in
the winter months, when supply of solar energy was
limited and demand for electricity was higher. In
summer, average market prices even dropped below
the prosumers’ average asking price. This can be
explained by the large share of prosumer households
in our participant sample, which led to an oversupply
of solar power during very sunny hours. In those
instances, only the prosumers with the lowest asking
prices were matched with the few net consumers who
actually demanded electricity—granting consumers a
considerably higher market power during sunny
hours. As participants incurred small financial benefits
from buying energy from their peers rather than from
the utility provider, they were able to save money

Table 1. Overview of Trades of Energy Produced (Panel A) and Consumed (Panel B) on the P2P Market

Panel A: Buyers of the energy produced by the market participants kWh (%)

Self-consumption (own home) 82,425 (34%)
P2P market 69,357 (28%)
Utility provider 92,291 (38%)

Total 244,073 (100%)

Panel B: Sellers of the energy consumed by the market participants kWh (%)

Self-consumption (own home) 82,425 (21%)
P2P market 69,357 (18%)
Utility provider 239,436 (61%)

Total 391,217 (100%)
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when consuming energy during midday hours. The
most successful bidding strategy was to offer solar elec-
tricity at the lowest price close to the feed-in tariff. For
consumers, savings in this study ranged between
8% and 14% (mean, 10.5%; SD, 2.0%) of their electricity
bills, whereas prosumers earned an additional income
of 6%–110% (mean, 52.1%; SD, 23.5%) for their energy
sold, although the revenues for prosumers are much
lower in absolute terms. Note that monetary savings
greatly depend upon the energy and feed-in tariffs
established by the local utility company.

In addition to the dynamic price signals emerging
from participants’ bidding behavior, the market out-
comes reveal a mismatch between times of solar gen-
eration and consumption peaks in the local grid. The
average load curves shown in Figure 7 illustrate that
considerable load shifting efforts are required to mini-
mize electricity consumption from the grid. Although
the monetary expenses for electricity, and thus the
potential savings, are low relative to other household
expenses, interviews conducted after the within-
subject experiment revealed that several participants
made efforts to consume energy during sunny hours
rather than in the evening (Ableitner et al. 2020). In
line with this, 15 of the 19 survey participants in the
postexperimental survey stated that sustainability was
an essential driver for them to participate in P2P trad-
ing (4.31/5 on a Likert scale).

5. Discussion and Future Work
The idea of P2P energymarkets is, among other factors,
driven by the aim of actively engaging consumers in
the energy market and raising their understanding of
and interest in the topic of energy supply, in order to
establish sustainable energy systems that rely on decen-
tralized renewable energy resources (Mengelkampet al.
2017b, Hahnel et al. 2019). In stark contrast to the lack of

consumer engagement observed in many other energy
management platforms and environmental programs
(Buchanan et al. 2015, Gölz and Hahnel 2016)—and con-
trary to popular intuition—participants of this study uti-
lized the opportunity to repeatedly engage with and
influence prices on the P2P energy market. Whereas ex-
isting energy management systems typically provide a
one-directional flow of information, the P2Pmarket ena-
bles participants to state their price preferences and,
thus, to actively influence trading on the local market.
This role is novel for consumers in the energy sector and
grants them unprecedented autonomy, which is known
to be an important driver of intrinsic motivation (Deci
and Ryan 2012). At the same time, the bidding feature
offered participants the opportunity to playfully explore
the effects of their price bids almost immediately (in
terms of local trades realized or not, and if so, at what
price), thereby enabling effective learning and compe-
tence development through the transformation of ex-
perience (Kolb 1984, Deci and Ryan 2012). Overall, the
presented evidence suggests that P2P trading can, in
fact, successfully activate consumer engagement, which
is absolutely vital for inducing a transition to renewable
energy on a larger scale. Beyond the frequency of en-
gagement, the bidding data observed indicates that even
lay users can do a reasonably good job of approaching
competitive market prices when bidding on a P2P en-
ergymarket.

Taken together, we conducted the first empirical
study that provides evidence that consumers can cope
with the complexity of a P2P energy market, and that
digital platforms for energy trading can provide a via-
ble means of better understanding the dynamics of
energy systems and of getting consumers to engage
with the topic. Our study thus highlights that a mar-
ket mechanism derived from theory can produce a
practically viable, primarily local energy market, even

Figure 7. (Color online) Electricity Consumption (Bars in Background), Solar Generation (Bars with Peak Around 0:00 PM), and
Average Prices (Black Line) inWinter (January) and Summer (July)

Note. Transaction prices within the P2P exchange reflect availability of local energy.
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in a context with lay participants and with a high
imbalance in supply and demand. Our results further
reveal that participants’ bidding behavior does not
reflect their previously stated intentions to pay a price
premium for local solar energy. These findings call
into question existing survey studies about P2P sce-
narios (Ecker et al. 2018, Hahnel et al. 2019) and
emphasize the importance of empirical studies in this
context. It is difficult to fathomwhat ultimately caused
the discrepancy between participants’ stated preferen-
ces for local solar energy and their bidding behavior.
Participants’ answers in the preexperimental survey
(and in other related research) may have been subject
to social desirability bias. It is also plausible that they
were caught up in the competitive nature of known
market logic or did not realize that their bidding
behavior was counterproductive to actively support-
ing renewable energy generation. However, although
participants’ stated intentions did not materialize,
they also did not act in a purely cost-minimizing way,
that is, bidding the feed-in tariff. Still, our evidence
shows that long-term bidding behavior is consistent
with predictions on rational bidding behavior and
exhibits learning effects (Wilcox 2000, Wang and Hu
2009, Goes et al. 2012). The decline in price bids and
increasing efficiency indicates a tâtonnement (gentle
convergence) toward the competitive equilibrium
(Gode and Sunder 1993), in which the price for solar
energy is close to the feed-in tariff.

Finally, our analyses indicate that the prices in this
P2P market provide efficient signals to shift electricity
consumption to times of local renewable production.
By contrast, today’s energy markets, with their regu-
lated and fairly rigid feed-in tariffs, do not provide effi-
cient price signals for local balancing: information about
when and to what extent supply and demand match in
a local area is not available to the individual house-
holds, nor is it of consequence for the financial returns
on solar or battery installations. This is highly problem-
atic for future energy markets that greatly rely on dis-
tributed resources to balance distribution grids, to meet
climate targets, and to accommodate added loads from
heat pumps and electric vehicles. Precise market signals
are essential to increase the diffusion of renewable gen-
erators (and storage systems) where required, as well
as to limit incentives for their adoption where there is
already a large overproduction. Our study suggests that
local P2P energy markets are able to provide precise
market signals to efficiently and dynamically coordi-
nate investments and to better balance local demand
and supply. Our study presents first qualitative evi-
dence on the potential of P2P energy markets in terms
of energy balancing; more research is needed to assess
these effects quantitatively. To that end, a considerably
larger sample and a control group will be required to
control for unrelated shifts in demand.

Despite our best efforts, given the technical and
operational complexity involved in conducting a field
study of this nature, there are limitations to our find-
ings. Most critically, the sample of 37 participating
households (including one retirement home) is not
representative of the larger population. All partici-
pants live in the same town, and they are customers
of the local utility provider. Given that the experiment
had an impact on participants’ electricity bills, they
had to opt into the study at the invitation of their
utility provider. The results may thus be subject to
volunteer selection bias (Tiefenbeck et al. 2019). Fur-
thermore, the large proportion of prosumers is not
representative of most neighborhoods today. It is con-
ceivable that early adopters of new technologies, like
solar PV systems, are overrepresented in the sample.
Moreover, the resulting imbalance of electricity
demand and solar supply during sunny hours may
have biased participants’ behavior. Whereas, to the
best of our knowledge, this study is the first to empiri-
cally observe P2P energy trading with real financial
consequences for participants, future research should
address these issues. To increase the trading volume
and liquidity on the P2P market, as well as to reduce
transactions with the utility provider, P2P markets
should integrate more consumer households and
diversify the sources of distributed electricity produc-
tion by including, for example, local wind or hydro-
power generators.

Overall, the financial incentives at stake in our
study were fairly small, particularly for consumers.
Consequently, it is crucial to investigate whether the
results regarding engagement and bidding behavior
can be generalized to the broader public. At the same
time, the monetary incentives created by dynamic
price signals will likely become more relevant in the
future because of the electrification of transport and
heating. Future research needs to assess how the asso-
ciated imminent rise in household expenses on elec-
tricity will affect participants’ behavior.

Future research should also examine bidding behav-
ior beyond the prices defined by participants. As a first
step in that direction, we have conducted a simulation
evaluating the impacts of different bidding strategies
and load profiles with different community sizes and
consumer–prosumer ratios. Appendix D provides more
details and compares the bidding behavior observed
with the market outcomes of (a) a pure cost-optimizing
strategy and (b) a green strategy with price premiums.
Beyond that, to foster the broad diffusion of P2P energy
markets, future research (and practitioners) must also
identify a viable business model for setting up and
operating these markets. Likewise, the acceptance of
decision support systems or smart agents for P2P mar-
kets is a promising area for future research. Decision
support systems could help individuals to benefit from
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dynamic price incentives by actively scheduling loads to
balance the energy system on a local level (Ketter et al.
2018, Avci et al. 2019, Bollinger and Hartmann 2020). In
particular, smart agents controlling storage devices
according to the individual household’s preferences can
leverage real-time market signals to improve the envi-
ronmental andmonetary impact of P2P trading (Ansarin
et al. 2020). Of course, local load balancing according to
such price signals will require an extent of automation to
match the volatility of renewable generation.

One strategy could rely on autonomous agents that
point out the environmental consequences of market
interactions. For instance, these systems could factor in
long-term external costs of different energy sources. They
could thus alleviate the zero-marginal-cost dilemma that
renewable generators face, without going back to top-
down control of externally defined tariffs.

In summary, P2P energy markets emerge as a viable
means for engaging consumers in the energy transition
and for coordinating and incentivizing renewable

energy resources, even in a settingwith high imbalance
in supply and demand. Such markets thus provide a
promising alternative to top-down regulations and
government subsidies (Siler-Evans et al. 2013). Our
findings show that the autonomy of consumers and
prosumers through active market participation may
lead to an unprecedented level of engagement in the
energymarket.
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Figure A.1. (Color online) User Interface

Note. The figure shows the “Your EnergyData” page of theweb application that participants used during the field study; see alsoAbleitner et al. (2020).

Appendix A. User Interface
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Appendix B. Surveys
As outlined in the article, we administered pre- and post-
study surveys to the participants. The following lists pro-
vide an overview of the survey data collected:

Prestudy survey:
• Demographics: age, gender, education, employment,

household income, household size, children in the household
• Housing situation: type and age of building, owner or

tenant, passive house
• Local attachment (3 items)
• Ownership of PV system, battery storage, heat pump,

electric water heater
•Annual electricity bill (estimate of typical amount)
• Intention to use the web app, different sources of motiva-

tion (5 items)
•Motivation to participate in the study (9 items)
• Willingness to pay a price premium for PV-generated

electricity and for locally generated electricity (4 items)
• Likelihood of investing in a PV system, battery storage,

community infrastructure in the next 10 years (3 items)
• Environmental attitude (1 items)
• Computer literacy, technology readiness index, affinity

to numbers (23 items)
• Political orientation and past donations to sustainability

projects
• Trading experience (2 items)
• Self-efficacy (10 items)
• Privacy concerns (8 items)
• Risk behavior (6 items)
Mid- and poststudy surveys:
• General assessment
• Conversations about the local energy market with others

(3 items)
• Intention to use the portal in the next month
•Usability (12 items)
•Usage purpose and usage triggers (12 items)
• Likelihood of investing in a PV system, battery storage,

community infrastructure in the next 10 years (3 items)
• (Electric) mobility (5 items)

• Usability of the reduced portal in April without price set-
ting (5 items)

• Free-text questions about price limits and bidding strat-
egy (3 questions)

• Comprehension of market mechanics (6 items)
• Factors influencing bidding strategy (7 items)
• Preference regarding price setting versus automatic price

determination
• Preference regarding automated service for price setting

(5 items)

Appendix C. Observed Data

Appendix D. Simulation of Benchmark Strategies
To put the results observed in the field study into context
and evaluate the sensitivity of the market outcomes of
this market design to a larger sample of consumption pro-
files, we ran a simulation of P2P energy trading with real-
world load profiles from 223 other households.
The data are net-metered with a 15-minute resolution.

The data cover the entire year of 2018; however, we use the
month of September for our simulations. Energy consump-
tion and production in that month are close to the year-
round monthly averages, and bidding behavior does not
change as much (as it did during the spring months) after
September in our study. We simulate varying community
sizes and prosumer shares. At each step of the simulation,
each household is represented by an agent that posts a bid
with the net energy demand obtained from its specific load
profile, as well as a price preference. After posting, the dou-
ble auction mechanism is run to allocate trades and deter-
mine prices. The price preferences submitted by the agents
were varied for different simulation setups. We apply a sim-
ulation model as a “risk-free, cost-effective environment”
(Bapna et al. 2003, p. 245) to understand the potential impact
of extreme forms of bidding behavior. To put the bidding
behavior observed in the field study (pb̂ , pŝ ) into context, we
model two benchmark strategies that span a spectrum from
cost-oriented to green preferences:

Figure C.1. (Color online) Absolute Number of Price Bid Changes by Participant

Note. Participants adjusted their price bids between 0 and 142 times during the one-year study.
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a. Cost-minimizer strategy: As described above (see in
Section 4.2), the equilibrium price for solar energy under per-
fect competition would be the opportunity cost. pb,rat � tf + ε
with ε � 0:001 as a cost-minimizer strategy for the buying
side and ps,rat � tf for the selling side, that is, assuming indi-
viduals have no preference for green electricity sourcing.

b.Green strategy: In the preexperimental survey, as well as
in the related literature, many consumers state a willingness to
paymore for local or renewable energy.We thus define the bid
prices for buying in the green strategy to be pb,green � tr + 0:10tr.
ps, green � pŝ remains as observed in thefield.

Figure D.1 shows the average prices for buying electricity on
the simulated market with 40 households and 20 prosumers
(i.e., similar size, but lower prosumer share than in the field
study) on an average day in September. The figure illustrates
that the bidding behavior that we observed in the field study
(not surprisingly) produced a result in between what we ob-
served in Scenarios a (bright solid line) and b (dashed line).
However, the simulation also shows that the difference be-
tween the observed behavior in the field (black solid line) and
that with the green strategy is smaller. In turn, there is a rela-
tively large margin to the cost-minimizer strategy. In the simu-
lated model, average prices for consumers in Scenario a result
in 16.26 c./kWh (SD, 5.29), and those in scenario b result in
18.83 c./kWh (SD, 2.79), and sampling from the bidding strate-
gies we observed in the field results in 18.16 c./kWh (SD, 3.37).
Remarkably, there is hardly any difference in the volumes
traded in different strategies, which indicates the high level of
allocative efficiency achieved on thismarket in the field.

Endnotes
1 A conference article based on preliminary results of this same
study was published in the Proceedings of the International Confer-
ence on Information Systems (Wörner et al. 2019).

2 Electricity prices are indicated in centimes (c.), that is, 1
100 Swiss

Francs (CHF) per kilowatt hour.
3 We will use the superscript ˆ for data points collected in our field
study throughout this paper.
4 Although initial investments may be high, the marginal costs of
renewable energy generation are generally low or close to zero
(Koolen et al. 2017). In the case of solar panels, a prosumer does not
incur a marginal cost for an additional unit of electricity being pro-
duced on his or her roof.
5 These are excluded for brevity, but available upon request.
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