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Abstract

The decline of fresh‐enrolled students and the increase in the number of

dropouts in electrical engineering schools might be related to motivation,

engagement and differences in learning preferences. This paper provides a

detailed description of the development, application, and evaluation of an

online, asynchronous simulation game to teach electricity markets concepts

named EMGA. The EMGA aims to introduce students to the short‐term
electricity market structure, highlighting the importance of forecasting tools

for decision‐making. The EMGA has been deployed in a Master's course with

27 students. The learning effectiveness was assessed with a survey at the end of

the exercise. Questions aiming at experience generation, conceptual under-

standing, skills development and affective evaluation were enquired. Positive

results towards experience generation, conceptual understanding and affective

evaluation were obtained. Students felt optimistic about the platform's po-

tential. The main complaints from students were their lack of programming

experience and the allocated time for the exercise during the course. Results

from this small test, along with previously obtained results, are encouraging

and might be of potential use for further developing the EMGA and student's

experience.
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1 | INTRODUCTION

1.1 | Motivation

Engineering has been catalogued as an enabler and dri-
ver of economic and social development. According to
the work in [13], engineering is crucial in all four sectors
of the economy, from extraction and farming to

information technology and the public sector. For ex-
ample, some economic forecasts, as the one in [29], re-
port that the United States should increase the annual
number of students receiving undergraduate degrees in
science, technology, engineering, and mathematics
(STEM) by 34% to meet the workforce requirements of
future years. At the same time, in [34], the European
Union projects that STEM professionals employment will
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increase by 12.1%12.1% by 2025, and according to the
analysis in [6], to match the needs carried with their
expansion growth, regions like Africa and Latin America
need to invest more in engineering. However, as stated in
[27] and [31], the number of dropouts in engineering
schools at higher education institutions have increased
over the last two decades, joined by a decline in the
number of enrollments.

Several studies, as highlighted in [26] or in [14],
classify three main categories of potential barriers to re-
taining students in engineering programs as climate and
belonging, grades and conceptual understanding, and
pedagogy and learning preferences. The first category
involves inadequate teaching and advising and a culture
of competition over cooperation found in most en-
gineering programs. The second category deals with
factors stemming from high‐school preparation, low
college grades, time‐consuming coursework and grading
scores. The last category addresses factors such as stu-
dents' low levels of self‐efficacy and self‐confidence and
their relationship with the climate of engineering class-
rooms (competitive, individualistic). The barriers men-
tioned prevail particularly in electrical engineering
programs, where traditional lectures are the rule, that is,
students passively receive information from their in-
structor, curricula are rigorously founded on mathe-
matics and physics, and classrooms are usually
competitive and individualistic [36].

The concept of game‐based learning (GBL) is quite
broad, involving game content following specific objec-
tives towards the enhancement of knowledge and skills,
as stated in [33]. Although it cannot be said that it is
sufficient to replace traditional instruction, GBL opens
opportunities for learning to be experiential, dynamic,
situated, problem‐based, and that it allows for immediate
feedback. Such characteristics are shared in modern
theories of active, effective, and experiential learning, as
in [35]. According to [9], components of GBL include,
but are not limited to, digital simulation, video games,
interactive tasks, toys, role‐play and modelling. GBL is
often addressed with gamification ingredients, for ex-
ample, leaderboards, points, and badges, to provide an
engaging atmosphere. Literature reports that GBL allows
positive cognitive and affective outcomes while in-
tegrating digital games into teaching and learning [3].
Thus, an extensive number of applications use GBL
concepts in educational contexts, from healthcare, as in
[18] to teaching history in [40] and quantum mechanic
concepts in [2]. However, although electronic compo-
nents, electrical machines, and electrical appliances al-
low hands‐on experiences, other theoretical subjects,
such as electricity markets, might be more complex to
emulate in a classroom environment. In this sense,

electrical engineering programs may benefit from ap-
plying GBL.

1.2 | Literature review

The use of GBL applications has increased over the last
three decades in the context of power systems in general,
and more recently electricity markets in particular, as an
alternative to teaching subjects with limited hands‐on
experiences. A lab experience aimed at teaching pool‐
based electricity markets, rewarding the students ac-
cording to their acquired revenue was proposed in [8].
The authors claimed that blending decision‐support tools
with technical intuition stimulated students' creativity.
A local graphic user interface (GUI) for teaching economic
dispatch was proposed in [30] and considered environ-
mental constraints. Users were able to choose dispatching
schemes and fuel types to obtain different objectives.
Similarly, the authors in [10] developed a simulation game
for teaching short and long‐term dynamics in electricity
markets. It was shaped as a web‐based game consisting of
several competing power generation companies based on
publicly available information.

A simulation tool for electric power markets was
proposed in [39] as a web‐based evaluation toolbox for
different market designs. The paper shows a detailed
description of the web architecture and applications. In
[5], a day‐ahead electricity market realistic simulator was
introduced using a graphic user interface and was aimed
at higher education and personnel training. A web‐based
power market simulator was introduced in [1] for day‐
ahead or real‐time market. A comparison of their appli-
cation with other simulators was shown. According to
the authors, the simulator's proposed architecture en-
ables different market models, rules, and time frames,
making it more flexible. In [24], the authors discussed
the development of a web‐based simulator for the spot
market in South Korea. The clearing mechanism in
South Korea is described, along with the implemented
dispatch method and the simulator's structure. Two si-
mulation games were presented in [11] for market si-
mulation and electricity generation. Both games were
used in laboratory sessions introducing trading strategies
of electricity markets and power plant technical
constraints.

Similarly, a web‐based platform for wholesale elec-
tricity markets was developed in [37] as a strategy game.
Players were able to create generation portfolios and
compete in a daily electricity spot market. A GUI edu-
cational software package was presented in [12] aiming
at teaching the forecasting methods and the day‐ahead
market structure. It should be noted that besides their
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main topic (electricity markets), all the works mentioned
above share the lack of a learning efficacy analysis, which
is crucial to assess the achievement of learning
objectives.

Some studies have also performed a learning efficacy
analysis to evaluate the performance of the proposed
approaches. As reported in [38], students had to compose
an energy portfolio with different energy sources.
Moreover, the most profitable group was the winner
based on a leaderboard. A post‐questionnaire was applied
to 12 students enquiring about the game's implementa-
tion as an alternative to traditional teaching, showing a
positive perception. A computer‐assisted method for
teaching and understanding transmission pricing tech-
niques was developed in [15] using a GUI. The GUI was
used in a power system economics course focused on
transmission cost allocation methods and tested with 185
students. Previous years' results from traditional evalua-
tions at the National Technical University of Athens were
used for comparison. Results showed that grades ob-
tained after introducing the computer‐assisted interactive
learning approach increased. A simulation game for
teaching electricity markets was proposed in [19] and
tested using the wholesale Chilean electricity market.
The test was performed with 14 groups at the University
of Chile and the Pontifical Catholic University of Chile.
The authors evaluated the expected competencies using a
posttest which indicated positive results.

1.3 | Contributions

This paper presents a detailed description of the devel-
opment, application, and evaluation of an online, asyn-
chronous, simulation game to teach electricity markets
concepts, named Electricity Markets Game (EMGA). The
game platform has been developed by an electrical en-
ergy systems group of a university in the Netherlands,
applied as a graded exercise in a Master's course, and
evaluated using a survey at the end of the exercise. The
main objectives of the EMGA platform are to introduce
players/students to the short‐term electricity market
structure, specifically, the day‐ahead market, and to
highlight the importance of forecasting tools for decision‐
making. The hypothesis to be tested using the EMGA is if
the subject of day‐ahead pool trading for energy portfo-
lios can be taught effectively using GBL as a complement
to traditional lecture‐based learning. The learning effec-
tiveness has been assessed with a survey at the end of the
exercise, including questions on experience generation,
conceptual understanding, skills development, and af-
fective evaluation. Compared to similar approaches, this
paper's highlights are:

• A detailed description of the development of a web‐
based, asynchronous simulation game focused on
teaching electricity markets, including its back‐end
and front‐end.

• A detailed description of the application, and
evaluation of the EMGA in a Master's course using a
post‐survey.

• Obtained results are encouraging and might be of
potential use for further developing the EMGA,
and can be used for comparison purposes in similar
applications.

2 | METHODOLOGY

The EMGA was conceptualised as a web‐based, asyn-
chronous, serious game, outlining a variety of electricity
market structures, for example, market rules, commod-
ities and instruments, market‐clearing algorithms and so
forth. The EMGA platform deems actual power system
limitations to cope for a realistic implementation, that is,
network conditions, uncertain sources such as renewable
energy, unexpected network events and so forth. The
game engine has been designed modularly, so it is ver-
satile, extendable and functional to complement different
electrical engineering courses related to electricity mar-
kets. The main characteristics of the EMGA platform are
presented in Table 1.

The EMGA platform is based on the experiential
learning theory proposed in [23]; hence, students are
expected to reach specific learning goals within four
main target components, namely, experience generation,
conceptual understanding, skills development and af-
fective evaluation, as listed in Table 2. Experience gen-
eration is tackled in the EMGA platform by allowing
students to have hands‐on practice with forecasting al-
gorithms and decision‐making techniques, experiment-
ing with different algorithms and fine‐tuning parameters.
After playing the game, students are expected to re-
cognize, calculate and estimate uncertainty sources in
electricity markets, the dynamics of short‐term electricity
markets, and the concept of risk aversion. At the same
time, as students have access to prefilled Python scripts,
it is expected that they will be able to practice with dif-
ferent algorithms to analyze time series and use that
information to formulate their own hypotheses. More-
over, successful participation in the EMGA platform is
expected to be an additional incentive for students to be
more engaged in the course's material, while the hands‐
on experience is expected to produce a sense of
achievement after being exposed to a real‐life problem in
a safe environment. Finally, prefilled code is expected to
help reduce possible coding anxiety for inexperienced
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students while allowing their effective interaction with
the platform.

3 | DEVELOPMENT

The EMGA has been entirely developed in Python lan-
guage using the Dash framework, described in [21]. Dash
is a framework for building web analytic applications
written on top of Flask, Plotly.js and React.js. The game
was deployed using a Heroku container (see [28]) and
linked to a designed PostgreSQL database to store play-
ers' crucial information. Since the game is based on
HTML, CSS and JavaScript, the platform can be rendered
in most commercial web browsers. Thus, players only
need an internet connection to participate and they can
do it asynchronously at their own pace. Moreover, a Ju-
pyter notebook has been designed and delivered to

students with relevant forecasting and decision‐making
algorithms, so the programming anxiety is reduced.
However, it must be pointed out that the platform is
completely independent of the Jupyter notebook; thus,
users can come up with their own decision‐making tools.
The general schematic representation of the EMGA
platform is depicted in Figure 1, where the data from the
EMGA represents shared information, for example, his-
torical data, revenue, leaderboard and so forth and the
bids from players represent the file they must upload to
trade.

3.1 | Front‐end

The EMGA platform is conformed of five pages, namely,
Login page, Portfolio page, Trading page, Results page and
Final page. The layout of the pages was designed to be

TABLE 1 Characteristics of the
electricity markets game platform

Feature Electricity markets game

Educational content Electricity market concepts, mechanisms and participation.

Players Teams of (~1–3) students.

Purpose Complement of traditional lecture‐based learning.

Game techniques Scores, performance graphs, and leaderboard.

Storytelling • Each team assumes the role of an energy portfolio owner that
participates in the day‐ahead electricity market.

• The game features an environment with several unknown
quantities (prices, available wind energy).

• Rules: use historical data to forecast unknown variables and
develop a market participation strategy (bids). Any deviation
from the bid to actual realization is settled using a balancing
mechanism (typically penalized).

• Objective: To maximize the revenue by bidding during a
number of days to obtain a top position on the leaderboard.

TABLE 2 Target components of the EMGA platform

Experience
generation

Experiment with wind power
forecasting algorithms

Fine tune a stochastic
programming based model

Use simulated environment to
take risks that cannot be taken in
an actual trading environment

Conceptual
understanding

Recognize that uncertainty is present
in decision making problems in
electricity markets

Observe the mechanics of the
shorttērm electricity market
and the balancing mechanism

Visualize the concept of risk aversion

Skills development Apply different statistical learning
techniques to forecast time series
and quantify uncertainty by
generating scenarios

Interpret and use the information
contained in a set of scenarios

Formulate own hypothesis based on
data analysis

Affective evaluation Increase students motivation to
succeed in the game

Increase students satisfaction
regarding the hands on part of
the module

Alleviate math and programming
anxiety

4 | GIRALDO ET AL.



simple and intuitive, so players can navigate easily.
A short description of each page can be found below:

Login page: The login page is the entry page of the
EMGA and requires user identification and authentica-
tion. The validation is performed by entering a registered
username and password combination. The username is
directly stored in the PostgreSQL database, while the
password passes first through an MD5 encryption algo-
rithm. The login page also allows registration for first‐
time users, a section for forgotten credentials, a link to
the game manual, and a link to download the login tu-
torial. The login page is shown in Figure 2a.

Portfolio page: This page allows players to determine
their energy portfolio. The selection involves the energy
sources to be administrated considering their main
characteristics, that is, power capacity, capacity factor,
dispatchability, variability, direct emissions, indirect
emissions and construction cost. However, players need
to choose carefully since their investment cost is limited

to a fixed budget. Once the player clicks on the Continue
button, the information is stored in the database. The
portfolio selection page can be seen in Figure 2b.

Trading page: On the left of the trading page, the
current team's performance (current position and accu-
mulated revenue) is displayed in Figure 3a. The players
can find the Leaderboard button below the performance
information, where the teams ranking is displayed. Both
the performance and the leaderboard data come from the
most updated information of the database at the time of
querying. Players have different information on the
Toolbox section, such as their portfolio characteristics, a
link to the game manual, a template of the bid file, as well
as different links to video tutorials. Furthermore, there is a
Help button where players can find the guidelines of the
game. Over the same header, the players find the user-
name and a logout button on the right‐hand side.

The main part of the page is occupied by the current
trading date and the buttons to download historical data
such as wind power information, day‐ahead prices, and
imbalance factors. Downloadable data is in .csv format
and stored in the cloud. A drag‐and‐drop or select file
feature is available for players to upload their bid file and
it is stored locally in the player's session. Finally, the page
counts with a button to confirm the player's trade and a
section with information messages. The information
messages work as an indicator for players of pending
tasks or to continue. For example, in Figure 3a, the
warning message 'WARNING—Files pending to be
downloaded' in yellow, indicates that at least one file has
not yet been downloaded to calculate the bid file. Two
other messages can be displayed, this is, ‘WARNING—
Upload Bid File’ in red, and ‘You are ready to click
TRADE!’ in green. The colours indicate that the user
cannot continue (red), the user must be aware (yellow)
and the user can continue (green).

FIGURE 1 General schematic representation of the EMGA
platform

FIGURE 2 EMGA platform. (a) Login page. (b) Portfolio selection page
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Results page: The bid file stored locally on the Trading
page is used to calculate the player's imbalance and revenue
compared to the actual realization of the day. The results
page displays four figures, as shown in Figure 3b, identified
as Day‐ahead information, Imbalance & prices, Revenue per
period and Day accumulated revenue. The calculations of
each plot are described in detail in Section 3.2. A clickable
link is available for players to download the current results
in .csv format. Once players have finished analyzing the
data, they must click on the 'Go to next day's bid' button on
the top‐left side of the page to continue playing.

Final page: Once a player finishes the available
playing days, they are immediately redirected to the final
page. In this instance, users can see their final accumu-
lated revenue, their current position in the leaderboard,
and the logout button. Being on this page represents the
end of the game for a particular player.

3.2 | Back‐end

Once a player has selected its portfolio, they need to
consider the operational limitations for each source. The
operational limits of each player's portfolio are stored in
the database and can be downloaded as a .csv file on the
trading page. Students are guided to consider the op-
erational limits in their decision‐making algorithm and
obtain feasible bids, that is, bids that satisfy all opera-
tional constraints. These limits are:

• Ramp‐up and ramp‐down, identified as E ramp and
E ramp, respectively.

• Minimum and maximum power, identified as E and E,
respectively.

• Minimum and maximum state of charge (SOC), iden-
tified as SOC and SOC, respectively.

A pre‐processing step consisting of solving an optimiza-
tion problem checks the feasibility of submitted bids and
modifies the periods violating any of the constraints
considered in Table 3. These possible modifications re-
sult in a reduction in the total perceived revenue.

Jupyter notebook client: The prefilled code included
some techniques to help students confirm their fore-
casting algorithm, for example, linear, ridge, epsilon‐
support vector and random forest regression, all of them
from the Scikit‐learn library (see [32]). Students also had
a simple artificial neural network example with ten
neurons using the Keras library (see [7]). Besides the
forecasting method, students were available to experi-
ment by changing different important hyperparameters
and settings to stimulate experimentation and creativity.
Some of these options include the feature selection
method, the size of the training and test datasets, the
number of scenarios generated, the number of neurons,
and the neurons' activation function. For instance, the
default code was a recursive forecasting strategy; how-
ever, students were repetitively encouraged during the
lecture to try different configurations (e.g., multi‐output

FIGURE 3 EMGA platform. (a) Trading page. (b) Results page

TABLE 3 Operational constraints
considered on the pre‐processing step

Source Ramp‐up Ramp‐down Min. Power Max. Power SOC SOC

Thermal unit x x x x ∞ −∞

Wind farm ∞ −∞ 0.0 x ∞ −∞

Energy storage ∞ −∞ x x x x
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regression) or to implement other available techniques
on their own, as the used libraries are broad and well
documented on the internet.

The default decision‐making technique was a de-
terministic optimization model implemented in the
Python‐based, open‐source modelling language Pyomo
(see [20]). The model was cast as a mixed‐integer linear
programming problem aimed at maximizing the total
revenue f . The solution of the optimization problem
obtains the optimal decisions, that is, binary variables y
such as the operating states of the thermal unit (on/off)
and the energy storage system (charging/discharging);
and continuous variables X such as the power outputs
from the thermal unit and the energy storage system, and
its state of charge. All this, considering the operational
limits defined by each player's portfolio (L U, ). A general
representation of the problem is shown in Equation (1).









f

h

L g U

X y

X y

X y

y

max ( , )

s.t. ( , ) = 0

( , )

{0, 1}

X y,

≤ ≤

∈

(1)

where h X y( , ) represents the equality constraints such as
the state of charge calculation, while g X y( , ) stands for
the inequality constraints like maximum and minimum
power injections. Students were recurrently encouraged
to experiment with different decision‐making techniques
considering uncertainty discussed in the lecture, such as
stochastic, robust, or risk‐aware optimization.

Expected accumulated day revenue: The game
evolves within a fixed number of trading days

PGΩ = {1, 2, …, # }D and the trading period of each trad-
ing day is discretized in 1‐h intervals Ω = {1, 2, …, 24}T .
Players' main motivation as Energy Portfolio adminis-
trators is to participate in the day‐ahead electricity mar-
ket and maximize their revenue. Players have a price‐
taker position in the market; thus, their main task is to
submit 1‐h energy blocks t ΩT∈ for the next trading day
d ΩD∈ , namely, energy bids Et d,

bid, considering day‐ahead
prices DAPt d, . The expected accumulated daily revenue a
player will obtain during a trading day d R, d

exp, is the
summation of the product between the player's hourly
energy quantities and the corresponding day‐ahead pri-
ces, DAPt d, and is calculated as:

R E= DAPd
t

t d t d
exp

Ω
,
bid

,

T

⋅
∈

(2)

Although bids are considered as blocks of energy, it is
required that participants upload their energy bids se-
parately for matters of reproducibility and tractability.

Hence, E = ℰt d i i t,
bid

Ω ,S∈ , where ℰi t, represents the energy

bid per source of the portfolio, that is, Ω = {Th,Wt,St}S .

Pre‐processing optimization step: A pre‐processing
step consisting of solving an optimization problem veri-
fies the feasibility of the submitted bids and modifies all
periods that are not aligned with the constraints. The
optimization problem has been modelled using the Pyo-
mo package and solved with Gurobi (see [25]). For each
trading day d, the optimization model reads as in
(4)–(13).

Imbalance or power mismatch: Depending on the
characteristics of each player's portfolio, the actual en-
ergy production might not be as expected, for example,
wind power may differ from forecasted values. In the
EMGA, it has been assumed that the operation of con-
trollable sources (thermal plants and energy storage) is
perfectly deterministic. For a trading day d, the differ-
ence between the actual energy realization and the sub-
mitted bids is defined as Imbalance, EΔ t , as:

E E tΔ = E − , Ω ,t d t d t d, ,
act

,
bid

T∀ ∈ (3)

 χmin ,
Φ t

t
ΩT∈

(4)

s.t.

ϕ i t− Ē , Ω , Ω ,i t i t i, ,
+

S T≤ ∀ ∈ ∈E (5)

ϕ i tE̲ + , Ω , Ω ,i i t i t, ,
−

S T≤ ∀ ∈ ∈E (6)

ζ i t− − Ē , Ω , Ω ,i t i t i t i, , −1 ,
+ ramp

S T≤ ∀ ∈ ∈E E (7)

ζ i tE̲ − + , Ω , Ω ,i i t i t i t
ramp

, , −1 ,
−

S T≤ ∀ ∈ ∈E E (8)

SOC SOC
η

i t= −
EC

, Ω , Ω ,i t i t
i

i
i t, , −1 , S T∀ ∈ ∈E

(9)

SOC ρ i t− SOC¯ , Ω , Ω ,i t i t i, ,
+

S T≤ ∀ ∈ ∈ (10)

SOC ρ i tSOC̲ + , Ω , Ω ,i i t i t, ,
−

S T≤ ∀ ∈ ∈ (11)

χ ζ ζ ϕ ϕ ρ ρ= + + + + + ,t
i

i t i t i t i t i t i t
Ω

,
+

,
−

,
+

,
−

,
+

,
−

S∈

t Ω ,T∀ ∈ (12)

Φ i t0, Ω , Ω ,S T≥ ∀ ∈ ∈ (13)

where { }Φ ζ ζ ϕ ϕ ρ ρ= , , , , ,i t i t i t i t i t i t,
+

,
−

,
+

,
−

,
+

,
− are slack variables

and χt the total constraints violations. Any slack variable
whose value is different than 0 represents an infeasible
bid; hence, a violation of the operational constraints.
The bids with violation will be modified to the closest
feasible operational limit and the values of the slack
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variables will be considered with imbalance market
prices, resulting in revenue inefficiency.

Market rules: The market rules implemented in the
EMGA platform are simple and depend on the day ahead
prices and the energy imbalance, as:







λ λ E

λ λ E

λ E

= DAP if Δ > 0

= DAP if Δ < 0

= DAP if Δ = 0

.

t d t d t d t d

t d t d t d t d

t d t d t d

, ,
+

, ,

, ,
−

, ,

, , ,

(14)

Notice that EΔ t d, is the energy mismatch and it is po-
sitive if the player's portfolio is producing more energy than
submitted in the bid file (surplus) or vice versa (deficit). The
values for λ λ, 0t d t d,

+
,
− ≥ , are proportional to the day‐ahead

price, always respecting that λ 1.0t d,
+ ≥ and λ 1.0t d,

− ≤ .
Flexibility redispatch: The imbalance cost might be

decreased by considering the flexibility of the con-
trollable sources. Thermal plants are assumed to be
flexible, i.e., they are able to inject a different amount of
energy than they were initially dispatched in the energy
bid within a predefined range. This amount of used
flexibility is represented by Ft, and it is limited by a
symmetric parameter proportional to the energy bid, that
is, F α= ℰt Th t, . However, there is an operational cost since
the units must deviate from their optimal operation to
compensate for the imbalance. Hence, the EMGA plat-
form solves internally an optimization problem at each
time period, always selecting the best option for the
player depending on the sign of EΔ t d, :

Eif Δ > 0t d,




c λ E F

c aF bF d t

F i t i Th

F i t i Th

E E F t

min { + (Δ − )}

s.t. = + + Ω

+ Ē Ω , Ω =

+ Ē Ω , Ω =

Δ = Δ + , Ω

,

F
t t t d t

t t t

i t t i

i t t i

t d
f

t d t

,

2
T

, S T

,
ramp

S T

, , T

t

∀ ∈

≤ ∀ ∈ ∈

≤ ∀ ∈ ∈

∀ ∈

E

E

(15)

Eif Δ < 0t d,




c λ E F

c aF bF d

F i t i Th

F i t i Th

E E F t

min { + (−Δ + )}

s.t. = + +

− Ē Ω , Ω =

− Ē Ω , Ω =

Δ = Δ − , Ω

.

F
t t t d t

t t t

i t t i

i t t i

t d
f

t d t

,

2

, S T

,
ramp

S T

, , T

t

≤ ∀ ∈ ∈

≤ ∀ ∈ ∈

∀ ∈

E

E

(16)

Hence, the actual imbalance can be expressed as
EΔ t d
f
, , the imbalance cost as imb λ E= Δt d t t d

f
, , , and the

operational cost for flexibility is denoted by ct. Finally,
the infeasibility penalty is computed as the total con-
straints violations times the imbalance price, that is,
pen λ χ=t t t. Furthermore, it can be seen that the perfect
forecast revenue is Rev = E DAPd t t d t d

perf
Ω ,

act
,T

⋅∈ .

Actual accumulated day revenue: The actual ac-
cumulated day revenue is expressed as:

Rev Rev imb pen c

d

= + ( − − )

Ω .

d d
t

t d t t
act exp

Ω
,

D

T

∀

∈

∈ (17)

Notice that these market rules encourage the players
to be as accurate as possible with their forecasts, that is,
EΔ 0t d, ≈ and to respect the operational limits of their

portfolio. Hence, it is evident that Rev Revd d
act perf≤ en-

courages perfect forecast (E = Et d t d,
bid

,
act). However, it leaves

room for strategy playing considering the imbalance
prices and the flexibility costs.

Leaderboard: There are three main components of
the game to be aware of: Accumulated revenue or just
Revenue, the number of played days or Days, and the
Rate. Consider ΩD as the set of days a participant has
played so far; hence, Ω ΩD⊂D . The Revenue is the sum
of the accumulated day revenue during the days a par-
ticipant has played so far. The Days represent the num-
ber of trading days a participant has played so far.
However, the Rate is a measure of the performance of
each player representing the quotient between the Rev-
enue and the number of played Days, as:


 Rate

Revenue

Days

Rev
= =

Ω
: Ω Ω .

δ δΩ
act

D⊂
∈

D
D

D

(18)

3.3 | A player in the EMGA platform

The general flowchart of a player on the EMGA platform
is shown in Figure 4.

4 | APPLICATION

The competitive simulation game was used in parallel to
the module 'Data Driven Modelling' within the Master's
course '5LED0—Smart Grid Operation Through ICT' at
TU/e. Students' age range was between 21 and 27 years old,
coming from different majors like Electrical Engineering,
Mechanical Engineering, and Sustainable Innovation.
Some of the course's goals related to electricity markets are:
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• Identify the main electricity markets and participants.
• Understand the wholesale markets of electricity and the
(time/volume/price) dependencies between them.

• Understand how different types of participants (produ-
cers, energy suppliers, traders) trade on the electricity
wholesale markets on different time scales (futures, day‐
ahead, intra‐day, balancing, reserves).

• Apply the above knowledge to specific real‐world cases.

Thus, the EMGA platform is aligned in contributing
positively towards achieving these goals. Some basic
concepts on electricity markets, such as market dynamics
and market structures, were introduced through
traditional lectures. Well‐known forecasting and

decision‐making techniques were also presented to the
players, totalizing three hours of lecture to establish a
common essential knowledge background. A Jupyter
notebook (see [22]), was handed to the players with a
prefilled code corresponding to the techniques in-
troduced during the theoretical lecture (forecasting and
decision‐making) and recommendations about alter-
native algorithms to experiment with. Furthermore, a
compendium of four short video tutorials (~4 min) was
accessible through the platform regarding basic in-
formation on how to log in, download data and trade,
read the output information, and use the client software.

The hands‐on exercise was proposed in the middle of
the module, so students had enough time to experiment

FIGURE 4 Flowchart of a player in the platform
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with the platform and provide the requested deliverable.
Students were introduced to the game instructions and
the grading scheme of the experience, as explained in the
following subsections. One additional hour was dedi-
cated to a Questions & Answers (Q&A) section on the
functionalities of the EMGA and the Jupyter notebook.

4.1 | Game instructions

Each team is provided with a kit containing a username
of their preference, a randomized six‐digit alphanumeric
password, and the Jupyter notebook client. Participants
are then guided to access the platform at [16], watch the
tutorial video, read the game manual, and log in using
the login page in Figure 2a. If it is the first time the team
logs in, then they would face the Portfolio selection page
in Figure 2b, where they must decide the best energy mix
of their portfolio considering particular characteristics.
The portfolio can be conformed by energy from thermal
plants, wind farms, and energy storage, with different
unitary costs and some qualitative characteristics, such
as variability, capacity factor, and emissions. The desired
portfolio must be within a predefined budget range
(98%–100%) to continue.

Once the team has defined its desired portfolio, they
can continue to the Trading page. The trading page is the
main component of the platform since it allows teams to
download the most current historical information for
uncertain parameters, that is, wind power and energy
prices. It also provides an information section with the
team's performance, a toolbox section, and a section to
upload the decided bids.

Students were instructed to follow the steps below:

1. (EMGA) Register in the platform and access using
your username and password.
– If it is your first time playing, you will be redirected

to select your energy portfolio. After you have se-
lected your portfolio, you will be redirected to
step 2.

– If it is not your first time, you will be immediately
redirected to step 2.

2. (EMGA) In the main page, you will be able to
download the updated historical wind data and the
day‐ahead prices (updated for each trading day). Also,
you will be able to download the operational limits of
your portfolio.

3. (Jupyter notebook) Use a forecasting technique to
estimate the expected hourly wind power for the next
trading day.

4. (Jupyter notebook) Use a decision‐making technique
to obtain the hourly energy bids for your portfolio.

5. (EMGA) Upload and submit your bid file, containing
the expected hourly energy bids obtained in step 4
separated by energy source. Your file must have ex-
tensions .csv or .xls and should contain 25 rows and 5
columns in total. You can drag the file or select it from
your computer.

6. (EMGA) Click on the 'SUBMIT' button to submit your
energy bids and continue with the game.

7. (EMGA) You will be redirected to the performance
page, where you can review your day performance by
comparing your actual revenue and the maximum
revenue (perfect forecast).

8. (EMGA) Once you click on the 'Go to Next Day's Bid'
button, you will be redirected back to the main page. To
continue with the game, repeat this guide from step 2.

9. The game finishes when there are no more available
trading days. You will be immediately redirected to
the summary page where you can see your final stats.
When all players have finished the game, the WIN-
NER will be the player that appears in the first posi-
tion of the Leaderboard.

4.2 | Grading

The grade of this group assignment contributed to the
course grade by 10% and was based both on the group
game performance (GPG) and a submitted report (R).
The final grade of the exercise is Final GPG R= 0.5( + ).

1. Game performance: The game performance is
evaluated in terms of 1) the position of each group in
the leaderboard and, 2) the number of rounds (trading
days) in which each group has played. The first
component of the game performance part of the grade
is G1 and depends on the total number of groups
playing ( Groups# ) and the position of each group in
the Leaderboard, such as Pos Groups[1, # ]∈ :

G
Pos

Groups
=

5(1 − )

# − 1
+ 101 (19)

Notice that G5.0 10.01≤ ≤ . The total grade depends
on the game performance and is identified as GPG.
GPG depends on the total number of trading days
(rounds) available for trading ( PG# ), the actual
number of rounds currently played by each team
(Days PG[0, # ]∈ ), as well as the grade componentG1.
GPG is calculated as follows:



 


 


 


 





GPG G

Days

PG

Days

PG
=

3

4 #
+
1

4 #
.1

2

⋅ ⋅ (20)
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It can be seen that the grading strategy penalizes any
available rounds not executed by the team. Thus, the
grading strategy incentives both to try to improve the
group's position in the leaderboard and to execute as
many trades as possible.
2. Submitted report: Students were asked for a team

report with no page requirements (2–3 pages sug-
gested) in which the most important experimentation
efforts and creative ideas are discussed. Furthermore,
all the code files necessary to support the discussions
included in the report were also required to have a
fully functional client. The report was assessed in
terms of its readability, the team's demonstration of
creative elements, and experimentation efforts. The
team's choices were required to be backed by suffi-
cient explanations and/or literature references. The
grade of the reporting component was R0.0 10.0≤ ≤ .
Note that the grade of the report was independent of
the team's performance in the game.

5 | EVALUATION

A survey was applied at the end of the experience. It
should be clarified that the survey was anonymous, and
students' final grade of the exercise was conditional to its
filling. The survey was divided into two main sections, one
focused on the target components of the platform, that is,
affective evaluation (Q x1 ), conceptual understanding (Q x2 ),
skills development (Q x3 ) and experience generation (Q x4 ).
The other section comprehends additional questions of
interest for further development of the game (Q x5 and
Q x6 ), where x denotes the question number. Most ques-
tions were evaluated using a 5‐points Likert scale, so
students can relate their level of agreement to each

statement in five points: (1) Strongly disagree to (5)
Strongly agree. As a remark, only question Q61 a polar
question. The full survey can be found in Appendix A.

6 | RESULTS

The 27 students enrolled in the course completed the
hands‐on exercise and were asked to answer a short survey
regarding their experience with the EMGA platform. Let a
be a real‐valued random variable, that is, results from the
Likert scale of one question. The mean (μa) and standard
deviation (σa) obtained for each question was calculated as:

a μ
n

a[ ] = =
1

,a
i

n

i

=1
(21)

σ a a= [ ] − ( [ ]) ,a
2 2 (22)

where [ ]⋅ represents the expectation. The mean and
standard deviation obtained for each question are de-
picted in Figure 5a. Within the target components'
questions, it can be seen that the lowest mean rating was
2.3 for question Q34, corresponding to the skills devel-
opment evaluation. Specifically, this question enquired
students if they were able to try different decision‐
making techniques in the game. The low rating is co-
herent with some students' comments about lacking
programming experience as they were required to ex-
periment with a prefilled Python script in a Jupyter no-
tebook. Conversely, the highest rating was obtained for
the affective evaluation in question Q11 with 3.9, when
students were asked about their preference between a
classical lecture or a dynamic one (as the one deployed in
the current exercise.)

FIGURE 5 Statistical information of obtained results. (a) Statistics per question. (b) Statistics per component
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In general terms, it can be seen that the mean rating
obtained was higher than 3.0 in all tested components, as
can be seen in Figure 5b. It can also be noticed that the
median rating was 3.0 for all the components but for
conceptual understanding, where the median was 4.0.
These results indicate that at least 50% of the students
had a positive perception (greater than or equal to 3.0) of
the tested components, with conceptual understanding
being the highest valued component, while skills devel-
opment being the lowest.

The Pearson correlation coefficient (PCC) between
two obtained answers has been calculated as in [4]. The
PCC between a and b is defined as:

ρ
a μ b μ

σ σ
=

[( − )( − )]
,a b

a b

a b
, (23)

where ρ−1 1a b,≤ ≤ . The PCC of the obtained answers is
shown in Figure 6. The correlation among all answers is
presented in the centre of the figure, while subfigures
identified with 1–5 represent the different question di-
visions, for example, 1 embraces questions for affective
evaluation, 2 for conceptual understanding and so forth.

As expected, the diagonal presents the highest value as it
is the correlation of each question to itself.

Identifying high correlation is the first step to forming
a hypothesis. Notice that most answers to questions in
group 2 (Q21‐Q27) show a high correlation. For instance,
it can be said that students that found the platform
helpful to understand the importance of uncertainty
might have also understood the process of submitting
and profiting in the electricity market, as can be inferred
from the correlation of Q Q21 23∕ which is approximately
ρ = 0.8Q Q,21 23

. An example of positive correlation between
two questions is shown in Figure 7, regarding the ex-
perience generation allowed by using the platform and
creativity motivation (ρ 0.5Q Q,43 44

≈ ). It can be seen that
most students (92.5%) found that the platform allowed
them to experiment with situations that would not be
possible in real trading scenarios, and at the same time,
that the platform is open for experimentation and moti-
vates creativity (81.5%).

Notice that an analysis of the opposite scenario is also
possible, in this case, if the correlation is negative, it is an
indicator of an inverse relationship. Take for example
the affective evaluation regarding the frustration of

FIGURE 6 Correlation coefficient of questions
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math/programming expectations and the reduction of
pressure for obtaining a result (ρ −0.3Q Q,13 17

≈ ). Particu-
larly, these results indicate that most students that felt
frustrated due to math/programming expectations did
not feel a reduction of the pressure to obtain a result by
using the platform. An example of negative correlation is
shown in Figure 8 regarding teamwork (ρ −0.6Q Q,56 57

≈ ).
It can be seen that most students (78%) found that the
workload was spread equitably, while only 15% felt like
they had invested more in the game assignment com-
pared to their teammates.

The answers to the questions of each target compo-
nent were merged to obtain a general representation of
the students' perceptions. The number of times the stu-
dents rated a specific value in the Likert scale is shown in
Figure 9 for each tested component. It can be seen that
results for experience generation and conceptual

understanding present negative skewness, with more
than 70% of the rating equal to or higher than 3.0. The
affective evaluation component presents a more uniform
pattern; however, it can be seen that more than 67% of
the answers were equal to or higher than 3.0. Finally, the
skills generation component presents a bimodal dis-
tribution with one mean at 2.0 (24.4%) and another one
at 4.0 (31.1%). These results indicate that the feeling of
students was in general positive in three of the compo-
nents, but it was not defined regarding the skills gen-
eration component.

However, when asked about future game im-
plementations, students were asked about their percep-
tion of the platform when developed further in Q59.
Results in Figure 10a show that almost 90% of the
students consider that the students can learn more
from using the platform when it is developed further.

FIGURE 7 Positive correlation example. (a) The platform provides a useful environment to take risks that cannot be taken in an actual
trading situation. (b) The game experience is open for experimentation and motivates creativity to solve the proposed problems

FIGURE 8 Negative correlation example. (a) The workload in my team was spread evenly over the team members. (b) I feel like I
invested more in the game assignment than my teammates
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A similar share can be seen in Figure 10b when students
were asked if the EMGA should be part of next year's
course in Q60. These results indicate the potential use of
the platform if it continues to be developed.

Additional questions were asked to students to con-
textualize the obtained answers. Students were asked
about their general perception of the platform inQ53. The
results to that specific question are shown in Figure 11a,

FIGURE 9 General representation of students' perception of the EMGA

FIGURE 10 Potential use of the platform in the future. (a) I think students can learn more from the platform when it is developed
further. (b) The EMGA platform should be part of next year's course
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where it can be seen that the general perception of the
platform is positive, with more than 50% of the students
rating it with at least 4.0, while less than 30% rated it
with 2.0 or less. The perception of the prefilled Jupyter
notebook was also enquired to students in Q54. Obtained
results to that question are depicted in Figure 11b, where
it can be seen that over 70% of the students found it as a
helpful resource.

An important factor aimed at the EMGA platform is
the teamwork among the group members. Students were
asked in Q56 about the spreading of the workload over
the team members. The results to that question are
shown in Figure 8a, where it can be seen that more than
50% of the students think the work was evenly

distributed, whereas almost 23% of the students felt that
it was not evenly spread, rating that question with 2.0 or
lower. This result is corroborated by Q56, where at least
40% of the students do not have a strong belief that they
have invested more than their teammates while playing
the game.

Students were also asked about the possible inclusion
of gamification objects to increase their motivation and
engagement, such as badges or game rewards in Q58.
Results in Figure 12a indicate that including such ga-
mification objects would not be particularly an im-
provement for at least 48% of the students, whereas it
could be something positive for 51%. Although the
sample size is not representative, this uniform

FIGURE 11 Students' perception. (a) I liked the general appearance of the platform. (b) The provided Jupyter notebook was a helpful
resource

FIGURE 12 Students' motivation and engagement. (a) Adding different components to the game (e.g., badges, game rewards, etc.)
would improve the engagement and motivation to play the game. (b) Would you play the game in a competitive fashion if it was not graded
within a particular course?
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distribution is recurrent in literature considering stu-
dents' diversity. Finally, students were asked if they
would participate in the game if it was not part of a
graded activity in Q60, for which 66.7% answered nega-
tively, as can be seen in Figure 12b. According to the
feedback from students, these results are related to
the mathematical/programming expectations involving
the simulation game and the tools required to play it.

7 | DISCUSSIONS AND
LIMITATIONS

One of the main limitations of the current research is the
number of students. It must be pointed out that the
Master's course where the EMGA is being tested has a
yearly frequency with a mean of 25 students. However,
even though the sample size is not large enough yet to
validate the principal hypothesis, 'the subject of day‐
ahead pool trading for energy portfolios can be taught ef-
fectively using game‐based learning as a complement to
traditional lecture‐based learning', it must be pointed out
that the results from this small test, along with previously
obtained results in [17], are encouraging and might be of
potential use for further developing the EMGA. When
compared to similar approaches in the literature, it can
be seen that the obtained results in this paper are aligned
with previous findings regarding knowledge transfer and
students' acceptance. For instance, in [38], where authors
also used a small sample, it was found that most students
found the game as a good way of understanding the basics
of electric economics. Moreover, when compared to [19],
it was found that teamwork can be exploited using GBL
in the context of electricity markets and economics,
which could also be seen in the obtained results in this
paper. When compared to [8], it can be seen that stu-
dents' interest, motivation, and creativity was also sti-
mulated by using EMGA. In fact, after the experience,
two students selected electricity markets as the topic for
their graduation project, one of which continued devel-
oping the market structure which will be implemented in
a future version of the EMGA. Finally, notice that the
percentage of students that answered that they would
participate in a nongraded experience (~33%) is coherent
with the actual number of students participating in [17].
The aforementioned evidence strengthens the motivation
to further the development of the EMGA platform.

It must be pointed out that attempting to compare the
obtained results with previous research in the field of
electricity markets is not straightforward. The difficulty
stems from the lack of reported assessment methods
since most papers were focused primarily on the tech-
nical implementation of the simulation tools rather than

quantifying their educational value. Hence, a re-
commendation for future researchers would be to im-
plement and report the assessment methods.

Some technical limitations were identified regarding
the platform's user interoperability, such as file down-
loading and loading times. These issues can be solved
with further development of the user interface. From the
students' feedback, we could also identify that the main
complaints were the lack of programming experience
and the allocated time for the exercise during the course.
Some students also suggested a more cooperative fra-
mework, where teams could collaborate sharing ideas or
procedures. Future work will be focused on improving
the user's game experience, such as developing a mod-
ular interface to eliminate client software and introdu-
cing the interaction between teams via the EMGA
platform (e.g., allowing trading forecast information and
bilateral contracts). Allocating time to explain program-
ming basic knowledge could also be an important factor
to consider in future experiences.

8 | CONCLUSIONS

This paper presented the development, application, and
evaluation of an asynchronous‐competitive simulation
game for teaching electricity markets. A brief description
of electricity markets was presented for contextualiza-
tion. Furthermore, the front‐end and back‐end of the
game were described in detail, including the market
structure and balancing mechanism, as well as the
asynchronous characteristics of the game. The simula-
tion game was applied in a Master's course with 27 stu-
dents as a complementary tool to traditional lectures.
Four target components were assessed, that is, experi-
ence generation, conceptual understanding, skills gen-
eration, and affective evaluation, using a 5‐points Likert
scale survey. Obtained results were positive, with a
general perception of the platform over 3.0 from more
than 70% of the students. It was found that using the
EMGA as a complement to a traditional lecture was ef-
fective to teach electricity markets in terms of experience
generation (72%), conceptual understanding (72%) and
affective evaluation (68%). Results for skills generation
were not conclusive since 43% of the students had a
positive perception, against 39.2% who did not. Accord-
ing to the students' feedback, this perception might be
related to the lack of programming experience of some
students, the time reserved for the experience, and the
required workload. However, students felt optimistic
about the platform's potential use when developed fur-
ther (96%), and most of them think the EMGA should be
part of next year's course (89%). Two interesting results
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were found about students' motivation and engagement.
First, that using gamification tools such as badges and
rewards might not be an effective direct incentive. Sec-
ond, that most students (67%) would only play the game
within a graded experience in a particular course. These
final results might be related to the mathematical/pro-
gramming expectations involving the simulation game.

Future development of the EMGA will be focused on
obtaining a modular user‐friendly student interface con-
taining the necessary utilities to test and produce the bid files
under the hood without the need for the Jupyter notebook.
Furthermore, a new version of the EMGA will introduce the
teams' interaction via the EMGA platform, for example, al-
lowing trading information and bilateral contracts.
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TABLE A1 Survey questions

Identifier Question (mean, standard deviation)

Affective evaluation

Q11 I would rather have a dynamic lecture (lecture + platform + report) than classical lectures (only theoretical) on electricity
markets. (μ σ= 3.89, = 1.22)

Q12 I enjoyed using the EMGA platform. (μ σ= 3.56, = 0.93)

Q13 The game experience (lecture + platform + report) reduced my frustration due to the math/programming
expectations. (μ σ= 3.59, = 1.37)

Q14 The game experience (lecture + platform + report) reduced my anxiety due to the math/programming
expectations. (μ σ= 3.37, = 1.24)

Q15 The EMGA platform challenged me to try different alternatives to improve my performance in the
game. (μ σ= 3.74, = 1.09)

Q16 Competing with other teams to secure a better position in the leaderboard motivated me to improve my performance in
the game. (μ σ= 3.78, = 1.22)

Q17 I was able to experiment at my own pace, reducing the pressure of obtaining a result. (μ σ= 2.52, = 1.22)

Conceptual understanding

Q21 I was able to understand the process an energy portfolio owner must perform to submit a bid and profit in electricity
markets. (μ σ= 3.63, = 1.33)

Q22 The platform allowed me to better identify sources of uncertainty present in electricity markets. (μ σ= 3.37, = 1.15)

Q23 The platform helped me to understand the importance of considering uncertainty in decision‐making
processes. (μ σ= 3.59, = 1.15)

Q24 My experience with the platform helped me to better understand how forecasting and decision‐making techniques are
applied using real data in realistic scenarios. (μ σ= 3.19, = 1.27)

Q25 My experience with the platform helped me to better comprehend theoretical concepts explained during the lecture
regarding electricity markets, e.g., pricing mechanisms, balancing market. (μ σ= 3.07, = 1.11)

Q26 My experience with the platform helped me to better comprehend theoretical concepts explained during the lecture
regarding forecasting techniques and decision‐making, e.g., seasonality, stochastic scenarios, etc. (μ σ= 2.93, = 1.17)

Q27 I feel that playing with the EMGA platform clarified theoretical concepts (e.g., electricity markets, forecasting, decision‐
making). (μ σ= 3.19, = 1.14)

Skills development

Q31 I was able to interpret the time series from historical wind power production and day‐ahead prices. (μ σ= 3.81, = 1.14)

Q32 I was able to use programming tools (e.g., Python scripts) to forecast and analyze expected outcomes. (μ σ= 2.93, = 1.29)

(Continues)

APPENDIX A: SURVEY QUESTIONS

The survey questions can be found in Table A1.
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TABLE A1 (Continued)

Identifier Question (mean, standard deviation)

Q33 I was able to try more than one forecasting technique and compare their effect in the performance of the
game. (μ σ= 3.33, = 1.24)

Q34 I was able to try more than one decision‐making technique and compare their effect in the performance of the
game. (μ σ= 2.37, = 1.31)

Q35 I feel that playing with the EMGA platform helped me to develop/reinforce particular skills (e.g., math,
programming). (μ σ= 2.67, = 1.04)

Q36 I consulted literature I would not have consulted even if it was recommended as supplementary material to a classical
assignment. (μ σ= 2.59, = 1.34)

Experience generation

Q41 The platform allowed me to experiment with forecasting techniques that otherwise would have been left out only in theory
(e.g., linear regression, SVM, etc.). (μ σ= 3.29, = 1.10)

Q42 The platform allowed me to experiment with optimization models that otherwise would have been left out only in theory
(e.g., deterministic, stochastic, risk‐averse, etc.). (μ σ= 2.67, = 1.18)

Q43 The platform provides a useful environment to take risks that cannot be taken in an actual trading
situation. (μ σ= 3.70, = 0.87)

Q44 The game experience (lecture + platform + report) is open for experimentation and motivates creativity to solve the
proposed problems. (μ σ= 3.59, = 0.97)

Additional questions

Q51 The information provided during the lecture and in the platform (tutorials, manual, etc.) is sufficient to perform well in
the game. (μ σ= 1.96, = 1.13)

Q52 The interface is intuitive and user‐friendly. (μ σ= 2.78, = 1.25)

Q53 I liked the general appearance of the platform. (μ σ= 3.19, = 1.18)

Q54 The provided Jupyter notebook was a helpful resource. (μ σ= 3.93, = 1.04)

Q55 In general, I feel we worked well together in my team in preparing the daily bids. (μ σ= 4.04, = 0.76)

Q56 The workload in my team was spread evenly over the team members. (μ σ= 3.59, = 1.25)

Q57 I feel like I invested more in the game assignment than my teammates. (μ σ= 2.56, = 1.09)

Q58 Adding different components to the game (e.g., badges, game rewards, etc.) would improve the engagement and
motivation to play the game. (μ σ= 2.56, = 1.12)

Q59 I think students can learn more from the platform when it is developed further. (μ σ= 4.41, = 0.79)

Q60 The EMGA platform should be part of next year's course. (μ σ= 4.00, = 1.21)

Q61 Would you play the game in a competitive fashion if it was not graded within a particular course? (YES NO= 33%, = 67%)
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