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Many tasks in everyday life (e.g., making an accurate decision, completing job tasks, and
searching for product information) are extrinsically motivated (i.e., the task is performed
to gain a benefit) and require mental effort. Prior research shows that the cognitive
resources needed to perform an extrinsically motivated task are allocated pre-task. The
pre-task allocation of mental resources tends to be conservative, because mental effort
is costly. Consequently, there are mental energy deficits when the use of mental resources
exceeds the allocated amount. This research provides evidence for post-task mental
energy replenishment. The amount of resource replenishment is a function of the size of
the mental energy deficit and the favorability of the cost-benefit trade-off experienced at
the completion of the task (i.e., the value of the reward given the energy investment). The
findings have implications for how cognitive resources management influences the
availability of mental energy on a moment-to-moment basis.
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INTRODUCTION

Cognitive resources are a foundational concept in the cognitive sciences. Cognitive resource
availability influences perception, comprehension, and elaboration in information processing
models (Greenwald and Leavitt, 1984; Wingfield, 2016), the ability to engage in system 2
processes (e.g., rule-based reasoning, analytic thought, and planning) in dual-process models
(Evans, 2008), and the effectiveness of behavior in models of self-control (Inzlicht et al., 2021).
Exerting more cognitive effort improves decision accuracy (Bettman et al, 1998) and the
effectiveness of behavior (Shenhav et al.,, 2017).

Resource-based models of cognition and behavior assume people expend cognitive resources in
order to achieve a beneficial outcome, whether that outcome be a better decision, a more effective
behavior, or a more rewarding consumption experience (Shenhav et al, 2017). Prior to engaging
in a task, people assess the amount of cognitive effort (i.e., costs) needed to complete the task
and the benefits that can be accrued from task completion (Brehm and Self, 1989; Boksem and
Tops, 2008; Shenhav et al., 2017; Kool and Botvinick, 2018). If the anticipated benefits exceed the
anticipated costs, people allocate cognitive resources into working memory (henceforth, mental
energy) and engage in the task (see Figure 1; Navon and Gopher, 1979; Brehm and Self, 1989;
Botvinick and Braver, 2015; Shenhav et al, 2017). During task engagement, mental energy is
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FIGURE 1 | lllustration of cognitive resource allocation, a mental energy
deficit, and replenishment. The baseline level of mental energy is shown by
the gray dashed line. The decision to engage in a task increases the level of
mental energy (cognitive resource allocation). The amount of mental energy
used during the completion of a task can be more than was allocated (mental
energy deficit). Task completion provides an opportunity for mental energy
replenishment.

expended to enhance mental focus (ie., task performance) and
facilitate mental intensity (i.e., task persistence; Shenhav et al., 2013).
In this paper, we ask the question, “What if a task is more
demanding than expected?” If the actual cognitive resources
needed to perform a task exceed the cognitive resources allocated
for the task, post-task mental energy will be in a deficit state
relative to baseline (i.e, the mental energy level prior to
considering the task; see Figure 1). If mental energy allocation
only occurs pre-task, and only depends on task characteristics,
then sequences of tasks that result in an energy deficit should
lead to degradations in cognitive performance. Accordingly,
we posit that an adaptive response has emerged wherein
automatic, post-task mental energy allocation can address a
mental energy deficit. We further posit that this adaptive
response should be sensitive to two factors: (1) the size of
the mental energy deficit and (2) the favorability of the cost-
benefit trade-off experienced at the completion of the task.
Specifically, unexpected cognitive effort creates a mental energy
deficit and a need to replenish the energy (Jansen et al., 2002,
2003; van Veldhoven and Broersen, 2003). A favorable cost-
benefit trade-off (i.e., the task benefits are sufficient given the
actual mental energy costs) will result in mental energy
replenishment, whereas an unfavorable trade-off (i.e., the task
benefits are insufficient given the actual mental energy costs)
will not result in mental energy replenishment. In the latter
case, the mental energy deficit acts as a signal that effort is
being poorly invested and that corrective action should be taken
(e.g., disengage from task, update priors about the mental
energy requirements for the type of task performed, rest).
This research provides a more nuanced explanation of how
mental energy is managed on a task-to-task basis and provides
two insights into mental energy supplies. First, we know that
mental energy varies on a moment-to-moment basis (Yeo and
Neal, 2008). Yet, prior conceptualizations of cognitive resource
management do not address the drivers of moment-to-moment

changes in mental energy availability (Yeo and Neal, 2008;
Shenhav et al,, 2017). Our work provides insight into how
unexpected effort affects (i.e., decreases and increases) mental
energy, which in turn can influence performance on subsequent
cognitive tasks. Second, the results provide insight into why
people are cognitive misers (Navon and Gopher, 1979; Goldfarb
and Henik, 2014; Kool and Botvinick, 2014; Sayali and Badre,
2019). In general, people allocate the minimum amount of
cognitive resources needed to complete a task. Consequently,
resource allocation errors are primarily negative (i.e., there is
a tendency toward an under allocation of resources). A resource
allocation system characterized by under allocation can only
be sustainable if there is a post-task correction mechanism.
In the absence of this mechanism, the predominant experience
of most people would be a perpetual deficit in mental energy.
Our work provides insight into why this is not the case.

THEORY AND HYPOTHESES
Mental Energy

Mental energy has been conceptualized “as a subjective feeling
about one’s capacity to accomplish tasks in daily life” (O’Connor,
2006a). Within this conceptualization, mental energy is multi-
dimensional construct consisting of (1) the mood of energy
(i.e., the feeling that one can complete physical and mental
tasks), (2) motivation (i.e., the desire to execute tasks), (3)
cognitive resources (i.e., the ability to execute of cognitive
tasks), and (4) quality of life (i.e., the degree to which life
tasks are accomplished; O’Connor, 2006a). Mental energy
researchers have focused primarily on the mood of energy
and cognitive resource dimensions, with motivation being
studied primarily in the goal literature and quality of life being
studied primarily in the social welfare literature.

A considerable amount of research has focused on mental
energy as a mood or feeling (O’Connor, 2004, 2006b; Lieberman,
2006). The feeling of mental energy is a general feeling that
one is able to complete mental or physical activities (O’Connor,
2006b; Boolani et al., 2020). Common measures of the feeling
of mental energy include the single-item visual analog scale
(Wood and Magnello, 1992), the profile of mood states short
form (“energetic,” “full of pep,” “vigorous,” “active,” and “lively;”
Heuchert and McNair, 2012), and the mental energy state and
trait scale (O’Connor, 2006b). The feeling of mental energy is
impacted by sleep duration (Boolani and Manierre, 2019), time
of day (Wood and Magnello, 1992), resistance exercise (Ward-
Ritacco et al, 2016), illness (Loy et al, 2018), and food
consumption (Lieberman, 2007; Maridakis et al., 2009), among
other things. Experimental evidence shows that increasing this
feeling increases vigilance (Maridakis et al., 2009) and decreases
balance in the elderly (Boolani et al., 2020).

Considerable attention has also been devoted to investigating
mental energy as a cognitive resource (James, 1907; Carver
and Scheier, 1981; Lieberman, 2007; Goldfarb and Henik, 2014;
Shenhav et al., 2017). The mental energy as a cognitive resource
literature considers the amount of mental energy available to
perform a cognitive task (e.g., mental energy at the moment).
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Mental energy enables an executive control mechanism that
“regulate(s) perceptual and motor processes in order to
respond ... to novel or changing task demands” (van der
Linden et al., 2003, p. 47). This is especially true when people
have to sustain engagement in a complex task that requires
sustained attention, challenging analyses, dynamic planning,
or disambiguating information (Broadbent, 1979; Bodenhausen
and Lichtenstein, 1987; Campbell, 1988; Hockey, 1993; O’Connor,
2006a). In this perspective, changes in the availability of mental
energy are inferred from changes in-task performance
(Lieberman, 2007), including sustained attention (Schmeichel
et al., 2003), organizing and evaluating information (Vohs et al.,
2014), resolving choice trade-offs (Wang et al., 2010), compliance
behaviors (Laran and Janiszewski, 2011), emotion regulation
(Schmeichel et al, 2003), and impression management (Vohs
et al,, 2005). We investigate the mental energy as a cognitive
resource dimension in this work.

Pre-task Allocation of Mental Energy
Resources

The extant literature proposes that cognitive resources (i.e.,
mental energy) are allocated to working memory prior to
engaging in an extrinsically motivated task (Brehm and Self,
1989; Boksem and Tops, 2008; Shenhav et al., 2017; Kool and
Botvinick, 2018). There are three factors that influence the
pre-task allocation of cognitive resources to working memory:
the difficulty of the task (costs), the size of the benefit (rewards),
and the cost-benefit trade-off.

Task Difficulty

A number of theories posit that expected task difficulty influences
the amount of mental energy made available prior to initiating
task pursuit. The theory of motivational intensity proposes
that the amount of mental energy available prior to a task
will increase as the expected difficulty of a task increases, but
that mental energy will decline as it becomes apparent that
a task is impossible to perform (Brehm et al, 1983; Brehm
and Self, 1989). Similarly, goal-setting theory assumes that
more aggressive goals require more mental energy for goal
pursuit (Latham et al., 2011). Supporting this idea, working
memory functions better when people can anticipate the difficulty
of a task, suggesting that a difficulty cue allows a person to
prepare for the task by allocating more cognitive resources to
working memory (Manelis and Reder, 2015).

Task Benefits

A number of theories propose that the expected benefits
associated with completing a task influence the amount of
mental energy made available prior to engaging in task pursuit.
For example, drive-reduction theory assumes that the motivation
(i.e., the allocation of mental and physical energy) to pursue
a task is a direct function of the reward potential of a behavior
(Hull, 1943). Incentive theories of motivation propose that
people will work harder for more positive outcomes (Bolles,
1972; Bindra, 1974; Wigfield and Eccles, 2000). Goal-systems
theory assumes that motivated goal pursuit depends on the appeal

and importance of the goal outcome (Kruglanski et al., 2002).
The biopsychological theory of personality assumes that a
behavioral activation system energizes behavior in accordance
with a person’s ability to appreciate the reward value of a
behavior (Gray, 1970; Carver and White, 1994). In each model,
more appealing, rewarding, or important goal outcomes generate
more desire to engaging in the task, the implication being
that more mental energy is available.

Cost-Benefit Analysis of the Task

A third factor that influences cognitive resource allocation is
an analysis of the mental costs of engaging in a task vs. the
benefits of task completion. Cognitive resources are allocated
only when the reward is sufficient. This conceptualization
assumes that mental effort is costly (Kahneman, 1973; Kurzban,
2016; Shenhav et al., 2017; Kool and Botvinick, 2018); hence,
people are motivated to conserve cognitive resources (Navon
and Gopher, 1979; McGuire and Botvinick, 2010; Kool and
Botvinick, 2014; Dunn et al., 2016; Sayali and Badre, 2019).
People allocate the minimum amount of resources needed to
complete a task, not the maximum amount of resources given
the potential reward (Goldfarb and Henik, 2014). For example,
cognitive energetics theory (Kruglanski et al, 2012) proposes
that an allocation of cognitive resources should be equal to
the “restraining force” - the resistance determined by task
demands, the pull of competing goals, and one’s inclination
to conserve resources (i.e., allocate the minimal amount of
resources to get the task done), provided that the magnitude
of “restraining force” is lower than that of the “potential driving
force,” a function of goal importance and one’s cognitive capacity.
Similarly, the expected value of control (EVC) theory (Shenhav
et al.,, 2013) proposes that the dorsal anterior cingulate cortex
integrates information about the expected rewards and costs
of a task to estimate its EVC and determine “whether it is
worth investing control [effort] in a task, how much should
be invested and, when several potential tasks are in contention,
which is the most worthwhile”

Importantly, cost-benefit analyses that modulate the choice
of tasks and the allocation of cognitive resources are considered
to be subconscious (Boksem and Tops, 2008; Kurzban et al.,
2013; Evans et al., 2016). Moreover, a growing literature suggests
that a cost-benefit approach to choosing action is an adaptive
advantage because it motivates behavior toward more rewarding
activities and away from less rewarding ones (Boksem and
Tops, 2008; Kool et al, 2010; Kurzban et al, 2013;
Shenhav et al., 2013).

Post-task Mental Energy Replenishment

Existing accounts of the pre-task allocation of cognitive resources
to working memory are not able to address how people avoid
the cumulative effects of mental energy deficits. If the pre-task
resource allocation system is designed to conserve cognitive
resources (because mental effort is costly), then there will
be more under allocation than over allocation of resources in
a given time period. The under allocation of cognitive resources
will inevitably lead to a deficit of mental energy and diminished
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cognitive performance. Thus, it would be advantageous for
people to have a post-task mental energy replenishment system.
A post-task mental energy replenishment system may not
eliminate a mental energy deficit, but it would mitigate it.

Mental energy deficits are a common outcome in a conservative
mental energy allocation system. The challenge for such a
system is to determine how to address each mental energy
deficit. We propose that post-task mental energy replenishment
is one solution. Post-task mental energy replenishment is more
likely to occur when the actual effort-reward trade-off is
favorable. That is, if an accurate allocation of resources would
still have resulted in engaging in the task (the reward justified
the actual amount of mental energy invested), then the mental
energy deficit will be replenished. Replenishment occurs because
the error in pre-task mental energy allocation is acceptable
given the reward. In contrast, when the actual effort-reward
trade-off is unfavorable, mental energy replenishment should
not occur. If an accurate estimate of the cognitive resources
needed for the task would have resulted in rejecting the task
or engaging in other tasks (the reward does not justify the
unexpected amount of energy used), then the mental energy
deficit should be a signal that cognitive resources estimates
were miscalibrated and corrective action should be taken (e.g.,
update priors about energy requirements for this type of task,
rest, and reassess behavior).

To illustrate these ideas, consider a situation where a person
is shopping online. The person finds an acceptable product at
a major retailer. She then determines it is worthwhile to invest
additional cognitive effort in searching for a better deal (ie.,
the anticipated benefits of additional search exceed the anticipated
cognitive costs), allocates an appropriate level of cognitive
resources, and engages in the search. If the search is more
difficult than expected, there will be a mental energy deficit
at the conclusion of the search. Post-task mental energy
replenishment will occur if the reward (realized savings over
original price) is sufficient given the actual amount of effort
(i.e., the actual cost-benefit trade-off is favorable). Mental energy
replenishment will not occur if the reward is insufficient given
the actual amount of effort (i.e., the actual cost-benefit trade-off
is unfavorable). An insufficient cost-benefit trade-off can occur
because the unexpected amount of effort was too extensive
(i.e., the additional search required much more cognitive effort
than expected) or the reward was too small (ie., the savings
were minor).

As illustrated in the example, there are two forces that
drive mental energy replenishment: the need for mental energy
replenishment and the favorability of the cost-benefit trade-off
(see Figure 2, high reward). First, unexpected effort creates
a mental energy deficit and a need to replenish mental energy
(Jansen et al., 2002, 2003; van Veldhoven and Broersen, 2003).
The larger the amount of unexpected effort, the greater the
need to replenish (Jansen et al, 2002, 2003). Second,
replenishment should be strategic - it should be sensitive to
the favorability of the actual cost-benefit trade-off from the
completed task. This claim is consistent with the finding that
people reinvest in tasks that are, on balance, rewarding (Boksem
and Tops, 2008; Kool et al, 2010; Kurzban et al, 2013;

Shenhav et al., 2013). An integration of the need for replenishment
and favorability of the cost-benefit trade-off vectors predicts
that energy replenishment will be an inverted-U function of
the amount of unexpected effort when rewards are high (see
the solid curve in Figure 2, high reward). Replenishment will
not occur when unexpected effort is too low because the need
to replenish would be negligible (see Al in Figure 2, high
reward) or when unexpected effort is too high because the
cost-benefit trade-off would be unfavorable (see A3 in Figure 2,
high reward). Replenishment occurs when unexpected effort
is moderate because there is some need for replenishment and
the cost-benefit trade-off would be favorable given the high
rewards (see A2 in Figure 2, high reward). When rewards
are low, the favorability of the cost-benefit trade-off declines
because the rewards are less likely to be seen as worth the
extra investment of effort, and thus, energy replenishment will
be low (see the solid curve B1-B2-B3 in Figure 2, low reward).

Given that we are the first to propose post-task mental
energy replenishment, there is little literature directly supporting
the idea. Instead, one must assess if the predictions are consistent
with how a conservative, pre-task cognitive resource allocation
system would operate. The system we propose can not only
guard against an insufficient amount of mental energy, but it
can also help correct large energy allocation errors. Large
mental energy deficits create a strong motivation to replenish.
Consequently, a simple mental energy replenishment system
could replenish energy any time there was a high need. Yet,
this approach would not allow the system to learn - there
would be no feedback. A better system, the one we propose,
inhibits automatic mental energy replenishment when there
are large energy investment errors. Unexpectedly large mental
energy deficits are a signal that priors about the expected
costs of completing a task need to be updated, as the anticipated
effort for this type of task is highly miscalibrated (Inzlicht
et al., 2015). Further, large deficits may signal that the present
behavior should be abandoned or changed (Boksem and Tops,
2008; Kurzban et al, 2013). A mental energy deficit could
even signal the need to switch from performing externally
rewarding tasks to engaging in more intrinsically motivated
activities (Inzlicht et al., 2015).

STUDIES

We conducted four studies to test our predictions. Studies 1,
3, and 4 directly measured mental energy replenishment and
study 2 assessed mental energy replenishment via performance
on a subsequent task. Study 1 showed mental energy
replenishment after completing a high-reward task (i.e., A2 in
Figure 2), but not after completing a low-reward task (i.e.,
B2 in Figure 2). Study 2 used a design similar to study 1 to
show that mental energy replenishment can influence
performance on a subsequent task. Study 3 manipulated expected
effort and reward to show that a high reward increases mental
energy replenishment when the amount of unexpected effort
is moderate (i.e., A2 in Figure 2), but not when it is low
(i.e., Al in Figure 2). Study 4 manipulated actual effort and
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reward to show an inverted-U pattern of mental energy
replenishment across different levels of effort when the reward
is high (i.e., Al vs. A2 vs. A3 in Figure 2), but not when
the reward is low (ie., Bl vs. B2 vs. B3 in Figure 2).

Study 1

The purpose of study 1 was to demonstrate that, when there
is unexpected effort, mental energy is replenished upon
completion of a high-reward task, but not a low-reward task.
The procedure simulated online shopping behavior. The task
involved finding online deals for five products, where reward
value was manipulated by varying the bonus associated with
finding deals. Participants were asked to find and record the
deals. We predicted that participants in the high-reward condition
would show mental energy replenishment at the completion
of the shopping trip (i.e., A2 in Figure 2), but that participants
in the low-reward condition would not (i.e., B2 in Figure 2).

Method

Participants and Design

The experiment used a two cell (reward value: low vs. high)
between-subject design. An a priori power analysis using
G*Power 3.1 (Faul et al., 2009) determined that at least 90
participants would be required to detect a medium-to-large
effect (f = 0.30) with a power of 80%. We targeted a total
sample of 100 on Amazon Mechanical Turk, and 101 participants
completed the study in exchange for $1.20 in financial
compensation (M, = 32.99, 58.4% male). All participants
completed the task correctly, likely because they were “master
workers” Thus, no participants were removed from the analysis.

Procedure and Stimuli

The study took place in mid-December, during the holiday
season. At the beginning of the study, we reminded participants
that it was the holiday shopping season. Consequently, we would
show them several products and have them find the best online
deal (the lowest price) for each product. Participants in the
high-reward condition were further told that at the end of
the survey, we would show them the best price we found for
each product. If the price they found was equal to or lower
than our price, they would get a $0.1 bonus for the product.

Participants in the low-reward condition were not told that
they could earn a bonus and therefore would only receive the
compensation for completing the study.

Next, we showed participants five products: a Bluetooth speaker,
an electric toothbrush, a WiFi router, a hard drive, and a pair
of headphones. For each product, we asked them to paste the
link of the deal they found and enter the price. Before showing
each product, we asked participants to indicate how much mental
energy they had at that moment. To better capture changes in
mental energy over time, we used the following measure (1 = “less
energy than usual” and 7 = “more energy than usual’):

We would like to know how much mental energy
you have at this moment. People’s mental energy
fluctuates on a moment-to-moment basis. We will ask
you to indicate how much mental energy you have at
various times in this study. On the following scale, please
indicate how much energy you feel you have AT
THIS MOMENT.

We used a single-item measure because mental energy as
a cognitive resource is a concrete, single-component construct
(for similar measures, see Allen et al., 2014; Laran and Buechel,
2017; Cardini and Freund, 2020). Single-item measures of
constructs have similar predictive validity to multiple-item
measures provided (1) the construct is uni-component (e.g.,
mental energy) as opposed to multi-component (e.g., state and
trait feelings of mental energy) and (2) the measure is of the
construct (e.g., the amount of mental energy), not an attribute
of the construct (e.g., the intent to use mental energy; Bergkvist
and Rossiter, 2007; Diamantopoulos et al., 2012). Moreover,
the single-item measure allows us to repeatedly assess mental
energy in a short period of time, without introducing
measurement-based rest periods that might allow mental energy
to replenish (Masicampo et al., 2014; Helton and Russell, 2017).

After completing the fifth deal-finding task (i.e., the fifth
product), participants saw the following message:
“Congratulations! You have completed the task” Then, they
responded to the same mental energy measure as shown above.
To guard against the alternative explanation that greater pay
leads to more mental energy, this last measure occurred after
task completion but before disclosing the amount of the bonus.
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To rule out the alternative explanations of felt achievement
and competence (i.e., processes associated with intrinsic
motivation), we also asked participants to indicate (1) the
extent to which they thought completing the task felt like an
achievement and (2) how effective they felt at the task, both
on 7-point scales (1 = not at all and 7 = very much). Afterward,
participants in the high-reward condition were shown the best
deals. We compared the prices and awarded bonuses. The
average bonus was $0.35 in the high-reward condition, with
98% of the participants receiving a bonus. Finally, all participants
entered demographic information and were thanked for their
time. The entire set of procedures and stimuli of this and all
studies in the paper can be found in the Supplementary Material.

Results

Post-test of Unexpected Effort Assumption

A test was used to confirm that effort was higher than expected.
An independent sample of participants (N = 27) engaged in
the same task without mental energy measures. Participants
indicated how effortful they thought the task would be on a
7-point scale (1 = not at all effortful and 7 = effortful) prior
to engaging in the task (i.e., a measure of expected effort).
Upon completion, participants indicated how effortful they
thought the task was on the same 7-point scale (1 = not at
all effort and 7 = effortful; i.e., a measure of actual effort).
As expected, actual effort (M = 5.63, SD = 1.39) was higher
than expected effort [M = 4.96, SD = 1.48; F(1, 26) = 10.40,
p = 0003, w, = 0251].

Analysis of Mental Energy

Mental energy was measured six times in total. The average
ratings across times and conditions are shown in Figure 3.
T1 through T5 indicate the amount of mental energy reported
before participants started to search for the first, second, ...
fifth product, respectively, and T6 was the amount of mental
energy reported upon task completion. To examine mental
energy replenishment pre- vs. post-task completion, we used
a repeated measures ANOVA with reward value (low vs. high)
as a between-subjects factor and time (T5: pre-completion vs.
T6: post-completion) as a within-subjects factor.
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FIGURE 3 | Mental energy at different points in the task (study 1).

Mental energy replenishment was measured as the difference
in mental energy at time T5 and time T6. This within-subject
measure was better than analyzing mental energy at T6, because
mental energy at T6 could not adjust for difference in mental
energy at T5 (ie., mental energy at T6 is not a measure of
replenishment). Consistent with hypothesis 1, there was a
significant interaction between time (T5 vs. T6) and reward
value [F(1, 99) = 6.71, p = 0.011, wf, = 0.054; see Figure 3].
Follow-up pairwise comparisons revealed that participants in
the high-reward condition exhibited mental energy replenishment
[Mys = 423, SD = 1.57; My = 4.70, SD = 1.37; F(1, 99) = 12.95,
p =0.001, wf, = 0.106], whereas participants in the low-reward
condition exhibited no mental energy replenishment [Mr; = 4.00,
SD = 1.37; My = 3.98, SD = 1.54; F(1, 99) = 0.02, p = 0.880].

A final set of analyses confirmed that mental energy generated
as a consequence of extrinsic task completion did not depend
on intrinsic task mediators like felt achievement or competence.
The effect of reward value on felt achievement and competence
was not significant [felt achievement: M,,, = 4.58, SD,,, = 1.84;
Miygn = 5.04, SDy, = 1.51; F(1, 99) = 1.86, p = 0.176; competence:
Mlow = 492, SDlow = 169, Mhigh = 543, SDhigh = 146,
F(1, 99) = 2.73, p = 0.102]. A follow-up test showed the
interaction between time (T6 - T5) and reward on mental
energy remained significant after controlling for felt achievement
and competence [F(1, 97) = 5.50, p = 0.021, wf, = 0.043].
The correlations between mental energy replenishment (ie.,
T6 - T5 difference) and achievement or competence were not
significant in the high-reward condition (achievement: r = 0.028,
p = 0.841; competence: r = —0.054, p = 0.699) or low-reward
condition (achievement: r = 0.160, p = 0.276; competence:
r = 0.257, p = 0.078). The lack of a significant correlation in
the high-reward condition is additional evidence that felt
achievement and competence were not responsible for the
increase in mental energy.

Replication With a Low-Reward Condition

One may argue that participants in low-reward condition received
no reward, which is not equivalent to low reward. To address
this concern, we reran study 1 (N = 118) using a low-reward
condition, where participants received a $0.01 bonus for each
best deal they found. The amount of bonus in the high-reward
condition was $0.10. The results replicated the main findings of
study 1: The significant interaction between time (T5 vs. T6)
and reward value was significant [F(1, 116) = 4.38, p = 0.039,
wf, = 0.028] and participants in the high-reward condition
exhibited mental energy replenishment [Mys = 4.33, SD = 1.42;
My = 462, SD = 141; F(1, 116) = 7.71, p = 0.006, wlz, = 0.054]
while participants in the low-reward condition did not [Mr; = 4.32,
SD = 1.66; My = 430, SD = 1.74; F(1, 116) = 0.03, p = 0.873;
see the Supplementary Material for a full analysis]. Thus, using
a low-reward condition instead of a no reward condition does
not change our conclusions.

Discussion
Study 1 provides evidence that mental energy is replenished
at task completion when the reward value is high, but not
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when the reward value is low. Further, it rules out the possibility
that the influence of reward value on mental energy replenishment
is due to intrinsic motivation mediators like feelings of
achievement or competence. This null effect was anticipated
because mental energy replenishment after an extrinsically
motivated task should not be sensitive to drivers of
intrinsic motivation.

Study 2

Study 2 demonstrates the behavioral implications of post-task
mental energy replenishment. Specifically, study 2 replicates
the findings of study 1 using a behavioral measure (e.g., task
persistence) instead of a self-report of mental energy. A self-
report of mental energy was not included in this study in
order to avoid contamination across measures (i.e., directing
attention to one’s mental energy level may lead to demand
artifacts on a behavioral measure; performance on a behavioral
measure may lead to inferences about one’s mental energy level).

Study 2 included an additional factor meant to address the
possibility that mental energy replenishment is a consequence
of intrinsic motivation contaminating an extrinsically motivated
task. Energy management in intrinsic motivation occurs in-task
(Csikszentmihalyi and LeFevre, 1989; Deci and Ryan, 2000).
That is, if a task is enjoyable or engaging, mental energy can
be allocated in-task so that the behavior is sustained. To address
this possibility, task completion was manipulated across
conditions. Using the same procedure as in study 1, participants
were either told the task was completed or not after finishing
the fifth part of the procedure. If intrinsic motivation was
contaminating the extrinsically motivated task, this manipulation
should not matter. If mental energy replenishment is a function
of effort and reward at task completion (i.e., a post-task event),
then there should only be mental energy replenishment in
the high reward - task completion condition.

Method

Participants and Design

The experiment used a 2 (reward value: low vs. high) by 2
(completion: yes vs. no) between-subject design. An a priori
power analysis using G*Power 3.1 (Faul et al., 2009) determined
that at least 199 participants would be required to detect a
small-to-medium interaction effect (f = 0.20) with a power of
80%. We targeted a total sample of 300 on Mechanical Turk,
and 295 participants completed the study in exchange for
$1.30 in compensation. Forty-eight participants did not enter
any relevant links throughout the task and, therefore, were
excluded, leaving 247 participants (M,, = 34.01, 61.9% male).

Procedure and Stimuli

Participants completed a deal-search task, as in study 1, but
with five changes. First, as the study was conducted in April
(non-holiday season), we removed holiday-related words and
pictures from the instructions. Second, we removed all measures
of mental energy. Third, task completion was manipulated after
participants completed the fifth deal-finding task. Participants
in the completion condition saw the following message:

“Congratulations! You have completed this task” On the next
page, they read “Now we would like you to complete another
task” Participants in the no completion condition saw a page
saying “loading the next item” (all participants saw the same
page after they finished the first, second, third, and fourth
deal-finding task). On the next page, they read “Now we would
like you to switch to another task” Fourth, the specifics of
some products were changed (e.g., color and model type) due
to product availability or deal availability. Finally, given the
need to immediately measure task persistence, and the null
effects in study 1, felt achievement and competence were
not measured.

The availability of mental energy was measured using
persistence on the second task (Braver, 2012). Task persistence
owing to cognitive resources has been operationalized as
sustained effort on unsolvable puzzles (Baumeister et al., 1998),
time spent studying (Vohs et al., 2014), continued vigilance
(See et al., 1995), product evaluation (Laran and Janiszewski,
2011), and discovering embedded figures (Vohs and Heatherton,
2000). In this study, participants did a “Book Evaluation Task”
Specifically, participants were told as: “On the next few pages,
we would like you to evaluate some newly released books and
tell us whether you will consider adding them to your reading
list. On each page, we will show you the book title, author,
and a synopsis. After you evaluate some books, you can choose
to quit the task. You can quit the task whenever you like”
In this task, each book was presented on a separate screen
and evaluated using two items: “Would you consider adding
this book to your reading list?” (1 = yes or 2 = no) and “To
what extent are you interested in reading this book?” (1 = not
at all and 7 = very much). After evaluating each book, participants
were offered the opportunity to “continue working on the task
(i.e., evaluate more books)” or “quit” The number of books
each participant evaluated before quitting the task was the
measure of task persistence.

Results

Task persistence (i.e., number of books considered) was coded
as the number of times each participant selected “continue
working on the task (i.e., evaluate more books),” ranging from
0 to 20. There was a non-significant main effect of task reward
[F(1, 243) = 0.21, p = 0.65] and completion [F(1, 243) = 0.66,
p = 0.42], as well as a significant interaction between reward
value and completion on task persistence [F(1, 243) = 5.16,
p = 0.024; wf, = 0.017; see Figure 4]. When reward value
was low, participants in the completion (M = 3.31, SD = 5.24)
and no completion (M = 4.39, SD = 6.28) conditions considered
a similar number of books [F(1, 243) = 1.04, p = 0.31]. However,
when reward value was high, participants in the completion
condition (M = 5.32, SD = 6.94) considered more books than
those in the no completion condition [M = 3.05, SD = 4.32;
F(1, 243) = 4.89, p = 0.028; wj = 0.016].

Discussion
The results of study 2 provide evidence that post-task mental
energy replenishment has consequences for subsequently
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FIGURE 4 | Task persistence in study 2.

performed behaviors. When the reward value was high, task
completion increased persistence in a subsequent, unrelated
task. However, when the reward value was low, task completion
did not increase persistence in the subsequent task. The task
completion moderator provides further evidence that mental
energy replenishment is a function of the unexpected effort
invested and reward accrued from an extrinsically motivated
task and that mental energy replenishment does not occur
in-task. Study 2 also addresses the alternative explanation that
measuring mental energy makes people more sensitive to mental
energy. In study 2, there were no measures of mental energy,
yet the results replicated study 1. Second, it could be argued
that measuring mental energy creates a demand effect on
reports of mental energy in high-reward conditions. In study 2,
the high reward was kept constant, and no measure of mental
energy was collected to make mental energy salient, yet the
consequences of mental energy replenishment were still obtained
in the completion condition. This should reduce concerns about
demand effects.

Study 3

The x-axis in Figure 2 is the difference between expected effort
and actual effort. We hypothesize that people replenish mental
energy after completing an extrinsically motivated task only when
actual effort exceeds the expected effort by a sufficient amount
(see A2 vs. Al in Figure 2). One approach to providing evidence
for this prediction is to alter the expected effort associated with
a task. When actual effort sufficiently exceeds expected effort
(ie., there is unexpected effort), there should be mental energy
replenishment when there is a high-reward value but not when
there is a low-reward value (i.e, see A2 vs. B2 in Figure 2).
This result would replicate the results of studies 1 and 2. In
contrast, when actual effort does not exceed expected effort because
the person has been led to believe the task will be more effortful
(ie., there is no unexpected effort), there should be no mental
energy replenishment in a high or low-reward value condition
(ie., see Al vs. Bl in Figure 1). This result would illustrate that
the difference between expected and actual effort, not solely the
amount of actual effort, is partially responsible for post-task mental
energy replenishment.

Method

Participants and Design

The experiment used a 2 (reward value: low vs. high) by 2
(expected effort: low vs. high) between-subject design. An a
priori power analysis using G*Power 3.1 (Faul et al, 2009)
determined that at least 253 participants would be required
to detect an effect of f = 0.018 (based on results of a pretest)
with a power of 80%. We targeted a total sample of 260 on
Mechanical Turk, and 263 Mechanical Turk participants
completed the study in exchange for financial compensation
(M, = 38.24, 51.7% male). All participants were retained.

Procedure and Stimuli

At the beginning of the study, participants were told that they
would complete a simple task where they would be asked to
identify the correct synonym for a word. The synonym had
to be chosen from four alternatives. Furthermore, participants
learned that the task was programmed by Freerice — a 100%
non-profit Web site that supports the United Nations World
Food Program, and the aim of the task was to help end world
hunger - for each answer they got right, the sponsors of
Freerice would donate 1 grain of rice (low-reward condition)
or 50 grains of rice (high-reward condition) to the United
Nations World Food Program to help reach Zero Hunger.

Then, we manipulated the expected effort of the task.
Participants in the high expected effort condition learned that
the words they would see in the questions were not those
frequently used in everyday life and, thus, they would need
to invest extra cognitive effort. This description was intended
to match their actual experience during the task (i.e., there
should be no unexpected effort), as the questions were indeed
moderately difficult and required some effort (see the questions
listed in the Supplementary Material). Participants in the low
expected effort condition were not provided information about
expected effort and, thus, expected effort should be significantly
below actual effort (i.e., there should be unexpected effort).
Then, all participants rated the extent to which they thought
the task would be effortful (1 = not at all and 7 = very
effortful), which served as a manipulation check of
anticipated effort.

Next, all participants started working on the task. The task
involved five sets of questions, five questions in each set. To
remind participants of the task reward, we put a banner at the
top of the page saying “Free rice” and “For each answer you get
right, we donate [1/50] grains of rice through the World Food
Program to help end hunger” Upon completion of the fifth set
of questions, participants saw the following message:
“Congratulations! You have completed the task” As in previous
studies, we measured mental energy prior to each set of five
questions as well as after participants completed all sets of questions.
After completing the task, participants completed a manipulation
check of task reward, where they indicated the extent to which
they thought the task was “valuable] “important, “rewarding,
and “useful” (1 = not at all and 7 = very much; Cronbach’s
alpha = 0.96). Finally, participants responded to the achievement
and competence measures used in studies 1 and 2.
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Results

Manipulation Checks

As expected, there was a significant main effect of the reward
value manipulation on perceived reward value [Mygh reward = 4.88,
Moy rewara = 4.37; F(1, 259) = 6.68, p = 0.010, wf, = 0.021].
There was no main effect of expected effort or a reward value
by expected effort interaction on perceived reward value. In
addition, a two-way ANOVA revealed a significant main effect
of the expected effort manipulation on anticipated effort
[Mhigh expected effort = 578) Mlow expected effort = 413, F(l) 259) = 9267,
p < 0.001, wf, = 0.260]. There was no main effect of reward
value or a reward value by expected effort interaction on
anticipated effort. Furthermore, consistent with our theory,
there was a main effect of the expected effort manipulation
on the amount of mental energy reported at T1, prior to
engaging in the task [Mygh expected effort = 5-31 Moy expected efiort = 5.04;
F(1, 259) = 3.98, p = 0.047, wf, = 0.011], suggesting that
participants allocated more mental energy to the task after
they learned that the task would be effortful. There was no
main effect of reward value or interaction on mental energy at T1.

Pretest

It was important to confirm that the low expected effort
condition, but not the high expected effort condition, resulted
in unexpected effort. An independent sample of participants
(N = 122) engaged in the same task except that the mental
energy measures were removed. Participants indicated how
effortful they thought the task would be on a 7-point scale
(I = not at all effortful and 7 = effortful) before engaging in
the task. Upon completion, participants indicated how effortful
the task was on the same 7-point scale (1 = not at all effort
and 7 = effortful; i.e., a measure of actual effort). The expected
effort manipulation by expected vs. actual effort dependent
measure interaction was significant [F(1, 120) = 20.51, p < 0.001,
wf, = 0.138]. As expected, in the low expected effort condition,
the ratings of actual effort (M = 5.10, SD = 1.54) were higher
than those of expected effort [M = 4.30, SD = 1.49;
F(1,120) = 19.54, p < 0.001, w} = 0.132]. In the high expected
effort condition, however, actual effort (M = 5.38, SD = 1.55)
was lower than expected effort [M = 574, SD = 1.32
F(1, 119) = 3.94, p = 0.049, wj = 0.024].

Mental Energy

Mental energy was measured six times. Consistent with our
predictions, there was a three-way interaction of reward value,
expected effort, and time [E5: pre-completion vs. E6: post-
completion; F(1, 259) = 4.49, p = 0.035, wf, = 0.013]. Further,
there was a two-way interaction between reward value and
time in the low expected effort condition [F(1, 259) = 5.55,
p = 0.019, wf, = 0.017; see Figure 5]. Specifically, there was
mental energy replenishment in the high-reward value condition
[Mys = 4.23, SD = 1.53, My = 4.57, SD = 1.46; F(1, 259) = 11.67,
p =0.001, wlz, = 0.039], but not the low-reward value condition
[Mys = 4.67, SD = 1.25, My = 4.69, SD = 1.21; F(1, 259) = 0.02,
p = 0.881]. In the high expected effort condition, there was
no interaction between reward value and time [F(1, 259) = 0.44,
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FIGURE 5 | Results of study 3.

p = 0.51] and no main effect of time [F(1, 259) = 0.00,
p = 0.992; see Figure 5] on mental energy replenishment.

Additional Analyses Using Felt Achievement and
Competence

Similar to study 1, we anticipated that the mediators of intrinsic
motivation would not explain mental energy replenishment
for an extrinsically motivated task. Two-way ANOVAs revealed
a main effect of reward value on felt achievement
[Muigh vate = 5.03, Migy varwe = 4.41; F(1, 259) = 9.40, p = 0.002,
wf, = 0.031] and a marginally significant main effect of reward
value on competence [Mygh vawe = 477, Migy vawe = 4.43;
F(1, 259) = 3.47, p = 0.063, u.)f, = 0.009]. In the low expected
effort condition, the correlation between mental energy
replenishment (T6 — T5) and felt achievement or competence
was not significant in the low-reward condition (achievement:
r = 0.047, p = 0.698; competence: r = —0.065, p = 0.594) or
the high-reward condition (achievement: r = 0.123, p = 0.330;
competence: r = —0.009, p = 0.945). In the high expected
effort condition, there was a marginally significant correlation
between mental energy replenishment (T6 - T5) and felt
achievement (r = 0.151, p = 0.090) while the correlation between
mental energy replenishment (T6 - T5 and) competence was
not significant (r = 0.078, p = 0.383). The lack of a significant
correlation in the low expected effort — high-reward condition
suggests that felt achievement and competence were not
responsible for the replenishment of mental energy.
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Discussion
Study 3 provides evidence that unexpected effort (i.e., the need
to replenish), not actual effort, is responsible for post-task
mental energy replenishment. When actual effort exceeded
expected effort, and there was a high reward (ie., a favorable
cost-benefit trade-off), mental energy was replenished. When
actual effort was less than the expected effort, and there was
a high reward, there was no mental energy replenishment.
Study 3 helps rule out potential alternative explanations.
For example, it could be argued that high rewards generate
affect and this positive affect increases mental energy. This
prediction is inconsistent with the results of study 3 because
the low and high expected effort conditions both provided a
high reward, but only the low expected effort condition resulted
in increased mental energy. Similarly, it could be argued that
high rewards encourage arousal, excitement, or anticipation
that increase mental energy. Again, the interaction effect makes
this unlikely. Study 4 creates a quadratic effect in the high-
reward condition and, thus, provides additional evidence against
these explanations.

Study 4

The x-axis in Figure 2 is the difference between actual effort
and expected effort. In study 4, we held expected effort constant,
while manipulating actual effort and the size of the reward.
When the reward was high, we expected to show the inverted-U
pattern illustrated by Al, A2, and A3 in Figure 2. When the
reward was low, we expected to show the flat pattern illustrated
by Bl1, B2, and B3 in Figure 2.

Method

Participants and Design

The study was preregistered on AsPredicted.org.! An a priori
power analysis using G*Power 3.1 (Faul et al., 2009) suggested
a minimal sample size of 351 to detect an interaction effect
of f = 0.15 (based on results of a pretest) with a power of
80%. We aimed to recruit 400 participants on Mechanical Turk,
and a total of 401 participants completed the study in exchange
for financial compensation. Eleven participants did not provide
relevant responses and were therefore excluded from analyses
using preregistered exclusion criteria, leaving a final sample
of 390 participants (M,, = 37.00, 38.2% male). The experiment
used a 2 (reward value: low vs. high) by 3 (actual effort:
low vs. moderate vs. high) between-subject design.

Procedure
At the beginning of the study, participants were told that they
would see information tags for electronic products and their
task was to transcribe the product information into digital
text. The transcription task required participants to transcribe
five product descriptions.

To manipulate reward value, we told participants that they
would either receive an extra 1 cent (low-reward condition)
or an extra 5 cents (high-reward condition) for each information

'https://aspredicted.org/blind.php?x=x{5pv8

tag they accurately transcribed. Next, participants started working
on the task. All participants transcribed a set of five information
tags, with text length and blurriness varying across the three
effort conditions. In the low effort condition, each information
tag had two product attributes on it (about 40-50 characters)
and text was clear (see Figure 6 and the
Supplementary Material). In the moderate effort condition,
each information tag had five product attributes (about 100-120
characters) and the text was degraded a little, so participants
had to spend more effort recognizing the text and typing it
out. In the high effort condition, each information included
eight product attributes (about 160-180 characters) and text
was degraded to a greater extent (but still recognizable). A
measure of mental energy was taken prior to starting the task
(T1) and after each of the five sets of transcriptions (T2 -
T6). After transcribing the fifth tag, just prior to the T6 measure
of mental energy, participants saw “Congratulations! You have
completed the task”

After completing the task, participants responded to several
follow-up questions. First, as a measure of positive affect, they
reported how happy they were at the moment. Next, participants
responded to the achievement and competence measures used
in studies 1 and 3. Finally, as a manipulation check of reward
value, we measured how rewarding participants thought the
extra payment for accurately transcribing the information tag
was on a 7-point scale (1 = not at all and 7 = very much).

Results

Pretest

To assess if the actual task effort manipulation was successful,
and if actual effort was higher than expected effort, a pretest
had participants (N = 192) engage in the same procedure as
in the main experiment, except that the information about
the extra reward payment and the mental energy measures
were removed. Participants indicated expected effort prior to
engaging in the task using a 7-point scale (1 = not at all
effortful and 7 = effortful). Upon completing the task, participants
indicated actual effort using a 7-point scale (1 = not at all
effort and 7 = effortful).

As predicted, the interaction between the actual effort
manipulation and the difference between expected and actual
effort (repeated measure) was significant [F(2, 189) = 12.73,
p < 0.001, @ = 0.116]. Actual effort was lower than expected
effort in the low effort condition [Mepeced = 4.77, SD = 1.48,
Mera = 4.21, SD = 1.62; F(1, 189) = 8.48, p = 0.004, »* = 0.038],
but higher than expected effort in the moderate effort condition
[Mepected = 472, SD 1.70, My = 5.14, SD 1.96;
F(1, 189) = 4.59, p = 0.034, »* = 0.018] and the high effort
condition [Megpeced = 4.92, SD = 1.30, Myey = 5.79, SD = 1.60;
F(1, 189) = 14.65, p < 0.001, @* = 0.067].

Manipulation Check
A two-way ANOVA revealed a main effect of the reward value
manipulation on perceived reward value [Myg yaue = 5.14,
Migy waiwe = 4.18; F(1, 384) = 22.59, p < 0.001, wj = 0.053].

There was also a marginally significant effect of actual effort
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on perceived reward value [Moy cgort = 4-84, Muoderate eftort = 4.78,
Mhuigh efiorr = 4.32; F(2, 384) = 2.44, p = 0.089, wlz, = 0.007].
However, the interaction between reward value and actual effort
was not significant (F < 1).

Mental Energy

As in study 1 and study 3, mental energy was measured six
times. As preregistered, we first computed the amount of mental
energy replenishment by subtracting pre-completion mental
energy (T5) from post-completion mental energy (T6). Then,
we created the planned quadratic contrast for the actual effort
manipulation (e.g., low = —1, moderate = 2, and high = —1),
which has a single degree of freedom associated with it. We used
this planned contrast in the mental energy analyses. The means
for the T6 — T5 difference (energy replenishment) are reported
in Figure 7. The means for T1 through T6, for all conditions,
are reported in the Supplementary Material.

The analysis was conducted using the preregistered plan.
There was an interaction between reward value and actual
effort on mental energy replenishment [F(1, 384) = 5.09,
p = 0.025, wf, = 0.010]. In the high-reward condition, there
was a significant effect of effort on mental energy replenishment
[F(1, 384) = 6.77, p = 0.010, wjz, = 0.015]. More importantly,
planned contrasts revealed that mental energy replenishment
in the moderate effort condition (M = 0.38, SD = 0.97) was
higher than in the low effort condition [M = 0.08, SD = 0.91;
t(384) = 1.93, one-tailed test, p = 0.027, wlz, = 0.007] and

the high effort condition [M = —0.04, SD = 0.87; #(384) = 2.50,
one-tailed test, p = 0.006, wlz, = 0.013]. In the low-reward
condition, there was no effect of effort [F(1, 384) = 0.398,
p = 0.528]. Planned contrasts showed no difference in mental
energy replenishment between the moderate effort (M = 0.09,
SD = 1.03) and low effort (M = 0.11, SD = 0.65) condition
[t(384) = —0.14, p = 0.885] or the moderate effort (M = 0.09,
SD = 1.03) and high effort (M = 0.25, SD = 1.20) condition
[t(384) = —0.91, p = 0.363]. These results are consistent with
Figure 2.

Positive Affect, Felt Achievement, and Competence
Two-way ANOVAs revealed a main effect of effort on positive
affect [Mlow effort = 499! Mmoderate effort = 496) Mhigh effort = 445)
F(2, 384) = 4.24, p = 0.015, wf, = 0.017] and a marginally
significant main effect of effort on competence [Miy, eor = 5.97,
M oderate efiort = 5.84, Mg effore = 5.58; F(2, 384) = 2.78, p = 0.063,
wlz, = 0.009]. Tukey post-hoc tests revealed that positive affect
was lower in the high effort condition than in the low effort
condition (p = 0.019, d = 0.34) and the moderate effort condition
(p = 0.030, d = 0.32). Competence was lower in the high
effort condition than that in the low effort condition (p = 0.049,
d = 0.30). The lower ratings in the high effort condition could
be driven by the fact that the task was much more effortful
than what participants expected and thus was frustrating and
made participants feel less competent. No other main effects
or interactions were significant. In summary, the patterns of
positive affect and competence cannot explain the interaction
of reward value and effort on replenishment nor the quadratic
effect we observed in the high-reward condition.

Discussion

Study 4 provides additional evidence that the amount of
unexpected effort determines the amount of mental energy
replenishment, provided the reward for engaging in the behavior
is high. When unexpected effort was moderate, and the cost-
benefit trade-off was favorable (i.e., the reward is high), there
was mental energy replenishment. When there was no unexpected
effort, there was no need to replenish mental energy. When
unexpected effort was large, the cost-benefit trade-off was
unfavorable and there was no mental energy replenishment.
We contend that the lack of mental energy replenishment
reflects an automatic strategy for using the mental energy
deficit as a signal to take corrective action.
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GENERAL DISCUSSION

We provide evidence for mental energy replenishment in an
extrinsically motivated task. We show that when the effort
expended in an extrinsically motivated task is significantly
more than expected, and the actual the cost-benefit trade-off
is favorable, mental energy is replenished at the completion
of the task (see Figure 2). If the extrinsically motivated task
does not provide a sufficient reward (studies 1-4; Figure 2
B1, B2, and B3), or if unexpected effort is minimal (studies
3 and 4; Figure 2 Al) or extreme (study 4; Figure 2 A3),
there will be marginal mental energy replenishment. Mental
energy replenishment is a useful adjustment mechanism, so
that energy deficits resulting from a conservative mental energy
allocation system do not result in compromised performance
on future tasks. Mental energy replenishment for extrinsically
motivated tasks can also be useful when there is cumulative
learning over time and it is difficult to anticipate the mental
energy requirements of activities in the learning process. Learning
is more likely to persist when rewarding learning is accompanied
by mental energy replenishment.

Implications for the Management of
Mental Energy Resources
We believe that mental energy replenishment subsequent to a
rewarding, extrinsically motivated task is necessary for sustained,
effective cognitive behavior. To understand why, consider what
we know about mental energy management. First, people have
a baseline level of mental energy (Shulmana et al., 2009). This
baseline level of mental energy supports consciousness and
cognition. Second, people can increase the baseline level of
mental energy. Pre-task allocations of mental energy are sensitive
to factors, such as anticipated demands and rewards of the
upcoming task (Beedie and Lane, 2012; Kruglanski et al., 2012;
Shenhav et al,, 2013), so that people can engage in beneficial
cognitive behaviors. Third, there are incentives to be conservative
with mental energy allocation as mental effort is costly, both
absolutely and from an opportunity cost perspective (Boksem
and Tops, 2008; Kurzban et al., 2013; Goldfarb and Henik,
2014). This leads to mental energy deficits, especially when
energy use exceeds energy allocation on consecutive tasks
(Kanfer et al., 1994). Fourth, pre-task allocations of mental
energy cannot address a cumulative deficit. Thus, an energy
replenishment function is conceptually consistent with the prior
literature on mental energy use. Replenishment is a necessary
part of an effective mental energy management system.
Perhaps, the most curious characteristic of the mental energy
replenishment system is its sensitivity to the cost-benefit trade-off
of a completed task. As shown in Figure 2, there is no mental
energy replenishment when the cost-benefit trade-off is
unfavorable (i.e., A3, B2, and B3 in Figure 2). We argue that
this is adaptive because a replenishment system that is insensitive
to the efficiency of energy investment would continue to
replenish mental energy, and prepare for the next task, regardless
of task difficulty. If a person is in an unfamiliar environment
that creates mental energy deficits, then it would be beneficial
for the person to experience low energy (i.e., baseline mental

effort should continue to drop) and disengage from the
environment/task if the rewards do not justify the actual
cognitive effort (Kanfer et al., 1994). In fact, this is exactly
what happens when people experience low energy (Kurzban
et al.,, 2013; Cardini and Freund, 2020). They disengage from
the environment/task. When rewards are insufficient given the
effort, there is no post-task energy replenishment and the
resulting lack of energy leads to disengagement from subsequent
tasks (Hopstaken et al., 2015).

In this sense, our research also speaks to the literature on the
adaptive nature of mental energy levels (e.g., Kool et al, 2010;
Kurniawan et al., 2011; Kurzban et al., 2013; Botvinick and Braver,
2015). A growing literature suggests that a lack of mental energy
could be an adaptive signal of the need to abandon or change
the course of the ongoing behavior, because the current behavioral
strategy may not be the most appropriate (Boksem and Tops,
2008). Our research suggests that the replenishment of mental
energy may well be a signal to continue the pursuit of other
rewarding, extrinsically motivated tasks, rather than shifting
task priorities away from “have-to” goals (e.g., work tasks) to
“want-to” goals (e.g., leisure tasks; Robinson et al, 2010;
Inzlicht and Schmeichel, 2012; Inzlicht et al., 2014).

Limitations

The research procedures used in this paper have limitations. First,
the procedure relies on a single-item measure of mental energy.
Cognitive resource levels are more commonly assessed by measuring
repeated performance on a task, with decrements in performance
indicating decreased cognitive resource levels (See et al, 1995).
Our single-item measure likely reflects an indirect assessment of
cognitive resource levels (e.g., a perception of changes in the
difficulty of executing a repeated task), since a meta-cognitive
assessment of actual cognitive resource levels is difficult.

Second, we used tasks for which a person can make fairly
accurate assessments of cognitive resource demands, so that
mental energy can be allocated pre-task and deficits can occur
post-task. Assessments of resource demands are only relevant
in situations where tasks demands are predictable. There are
many situations where tasks are ambiguous owing to the
complexity of the problem (Dorner and Funke, 2017). The
problem solving space may be ambiguous, complex, uncertain,
and volatile. In these types of domains, it is difficult to anticipate
rewards associated with an outcome, anticipate mental energy
requirements, allocate pre-task resources, and determine stopping
points (e.g., task completion). Thus, it remains to be seen
whether our results generalize to management of mental energy
beyond the performance of simple, common tasks.

Third, our behavior-based evidence for mental energy
replenishment is limited to a single study (study 2) that measures
performance on an unfixed task (i.e., people perform a self-
paced book-review task for as long as they like). The performance
of unfixed tasks can be sensitive to any antecedent that increases
the availability of mental energy. In addition to mental energy
replenishment, our favored explanation, it is also possible that
motivational factors influenced the supply of energy. The
successful completion of an initial task (e.g., rewarding shopping
task) could activate the trait grit (the motivation to complete
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tasks) and encourage a larger investment of energy in a
subsequent task (e.g., reviewing books; Duckworth et al., 2007).

Conclusion

People need mental energy to complete cognitive tasks. In this
research, we document a novel source of mental energy. Mental
energy can be generated at the completion of an extrinsically
motivated task, assuming the task created a mental energy deficit
and the cost-benefit trade-off for the task was favorable. These
results reflect the idea that engaging in high-reward activities can
be self-sustaining, even if the activities are more difficult than
expected. Future research can investigate additional factors that
interact with unexpected effort and reward value to generate
mental energy at task completion. An investigation of these issues
will provide better insight into how people replenish mental energy
throughout their day and, consequently, sustain productive behavior.
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