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ABSTRACT

We present Tangible Carbon Blocks, a data physicalization toolkit
that represents everyday carbon emissions as color-coded, stackable
blocks. Daily carbon emissions are often communicated through
abstract numerical values, making them difficult for non-experts
to understand, compare, and reflect on. While existing carbon-
recording tools such as calculators, dashboards, and summary met-
rics can raise awareness, they provide limited support for intuitive
understanding and self-reflection. To elicit design requirements,
we first conducted a 7-day formative study with five participants,
combining daily carbon-activity recording through our website with
post-interviews. Participants perceived carbon emissions as ab-
stract, difficult to compare across activities, and rarely calculated
in daily life. Based on these insights, we designed Tangible Car-
bon Blocks, which translate emissions into physical blocks that are
gradually removed as emissions accumulate. We then conducted a
second 7-day study with the same five participants, who continued
recording their activities while using the blocks. Our results showed
a descriptive reduction in participants’ average daily emissions dur-
ing block use, though this trend remains preliminary given the small
sample and short duration. Open-ended responses further suggest
that the blocks made category differences more visible, helped par-
ticipants perceive emissions more intuitively, and prompted reflec-
tion on cumulative everyday consumption. Together, our results
suggest that tangible physicalization can be an intuitive and low-
cost way to support comparative and reflective engagement with
everyday carbon emissions.

Index Terms: Data Physicalization, Carbon Emission, Interaction
Design.

1 INTRODUCTION

Individual actions may appear fragmented or insignificant in the
context of climate change. However, everyday activities, includ-
ing material consumption and transportation [18], collectively con-
tribute to carbon emissions. A key challenge is helping individuals
understand how emissions are distributed across daily activities and
recognize which choices contribute disproportionately.

Existing carbon- and energy-feedback tools often rely on aggre-
gated totals, numerical indicators, or summary charts. Although
these representations can increase awareness, they may provide
limited support for interpreting differences across everyday activ-
ities or reasoning about trade-offs. Analogy-based representations
can improve the communication of abstract data beyond numerical
forms [3], while eco-feedback research has shown that numerical
summaries alone may not sufficiently support comparison across
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categories of consumption [9, 19]. Sustainable HCI research further
suggests that resource feedback can remain detached from everyday
practices, making consumption difficult to interpret as a limited re-
source that requires ongoing reflection [2].

Inspired by research on scarcity mindsets, which suggests that
perceived limitation can shape attention and decision-making [14],
we explore how carbon emissions can be represented as a finite
and allocatable budget through interaction design. Our goal is not
to improve the precision of carbon accounting, but to support in-
tuitive interpretation, category-level comparison, and reflection on
cumulative consumption. We introduce Tangible Carbon Blocks, a
data physicalization toolkit that represents everyday carbon emis-
sions as color-coded, stackable blocks. Eight material and trans-
portation categories: plastic (PP), paper, wood, car, electric vehi-
cle (EV), metro, bus, and walking are represented using distinct
colors. Each block represents a category-specific interaction unit
calibrated from participants’ one-week baseline records rather than
a fixed life-cycle emission value. Remaining blocks are carried
forward across days and gradually removed as emissions accumu-
late, making cumulative consumption patterns physically percep-
tible over time. Through this depletion-based representation, we
explore how tangible interaction may support intuitive perception,
category-level reflection, and awareness of limited carbon budgets
through our proposed physicalization toolkit [17].

Our work has three main contributions: First, we introduce a
depletion-based data physicalization approach that represents ev-
eryday carbon emissions as the consumption of a finite and tangi-
ble carbon budget, rather than as continuously accumulating nu-
merical values. Second, we present Tangible Carbon Blocks, a
low-cost physical prototype that maps multiple categories of every-
day carbon-emitting activities onto removable and stackable blocks
to support tangible interaction and cumulative reflection. Third,
through a small-scale exploratory deployment with five partici-
pants, we provide preliminary insights into how depletion-based
physicalization may support intuitive perception, category-level re-
flection, cumulative awareness, and social discussion. Rather than
establishing causal evidence of emission reduction or long-term be-
havioral change, this work contributes an exploratory design and
corresponding considerations for everyday carbon physicalization.

2 RELATED WORK

To contextualize this work, we review prior research on carbon-
emission communication, tangible representations of abstract data,
and reflective interaction design for sustainability practices. Prior
meta-analyses also highlight the growing importance of interaction,
communication, and user-centered research in visualization [15].

2.1 Carbon Emissions Feedback

Prior research in sustainable HCI has explored a range of ap-
proaches for communicating carbon emissions and sustainability-
related information, including carbon footprint calculators, digital
dashboards, and environmental labels. Carbon footprint calculators
and environmental labeling toolkit are widely used to communicate
environmental impact, but users often struggle to relate these nu-
merical values to everyday decision making [25, 26]. Eco-feedback
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toolkit have been shown to increase environmental awareness and
influence energy-related behavior by providing users with informa-
tion about their consumption patterns [9]. These toolkit typically
rely on numerical indicators, charts, or summary metrics to repre-
sent environmental impact. Prior eco-feedback research shows that
consumption feedback can influence user behavior [6, 8].

While eco-feedback toolkit can increase awareness, fewer stud-
ies examined how users compared emissions across everyday be-
havioral categories or reason about trade-offs between them [19].
For example, disaggregated electricity feedback showed limited ev-
idence that numeric breakdowns alone support user-driven compar-
isons across contexts. Sustainable HCI work further argued that
such feedback could frame resource use as an abstract quantity
detached from everyday practice, making it difficult to perceive
emissions as a bounded resource that requires allocation and pri-
oritization [2]. As a result, most existing toolkit remained screen-
based and relied on numerical representations, which may limit
embodied understanding of carbon emissions and its distribution
across behaviors. We build on this line by exploring a tangi-
ble representation that foregrounds cross-category comparison
and resource-allocation reasoning.

2.2 Tangible Representations of Abstract Data

Human—computer interaction research has shown that tangible and
manipulable representations can make abstract data easier to under-
stand, explore, and compare [17]. Tangible and embodied interac-
tion similarly uses physical artifacts to externalize information and
support reasoning through direct manipulation [16, 12]. Data phys-
icalization builds on these principles by encoding data through ma-
terial properties including shape, volume, and spatial arrangement.
Recent work has also explored physical representations of affective
and abstract information, showing that embodied interaction can
support intuitive interpretation and emotional engagement [13].

Prior systems have used physical tokens, stacked forms, bar-like
structures, and interactive installations to communicate quantita-
tive relationships beyond numerical displays [17]. Sustainability-
oriented physicalizations have further demonstrated the value of
tangible representations for self or environmental reflection [32].
Econundrum communicated the climate impact of dietary choices
through a shared data sculpture [28]; Edo used participatory
physicalization to prompt reflection on food-related environmen-
tal impacts [29]; Carbon Scales supported collective sense-making
around food-production emissions [21]; and Cairn enabled situ-
ated data collection, representation, and analysis in everyday con-
texts [10]. Together, these systems show how physicalization can
make environmental data more experiential, discussable, and so-
cially situated.

However, tangible feedback for personal carbon emissions
across multiple everyday activity categories remains comparatively
underexplored. Existing sustainability physicalizations have pri-
marily addressed food, collective interpretation, or situated envi-
ronmental data, and have tended to present accumulated values or
static states rather than progressive depletion. Our work explores
this gap by representing personal carbon emissions as a finite phys-
ical resource that diminishes over time, supporting category-level
reflection and awareness of cumulative consumption.

Tangible Carbon Blocks extends prior work in data physical-
ization by using gradual depletion to make cumulative carbon-
emission patterns physically perceptible over time.

2.3 Designing for Reflection in Sustainable Interaction

Research in sustainable HCI has emphasized designing for reflec-
tion by encouraging users to reconsider everyday practices and their
environmental consequences [7, 2]. Rather than focusing only on
immediate behavioral feedback or performance optimization, re-
flective approaches seek to make habitual activities visible and re-

shape how their consequences are understood [30]. Recent visu-
alization research further suggests that affective qualities in data
representation may strengthen engagement and support reflection
on abstract information [20].

Sustainable interaction design also emphasizes the importance of
situating resource feedback in everyday life, enabling users to rec-
ognize cumulative patterns and reconsider routine practices [2, 26].
Tangible artifacts may support this process by giving abstract con-
sumption data a persistent presence in users’ daily environments.

Although prior reflective systems have employed visualiza-
tion, persuasive technology, and critical design, less attention has
been paid to how hands-on interaction can frame carbon emis-
sions as a finite resource that is gradually consumed over time.
We contribute a tangible interaction framing that supports
category-level reflection and the perception of carbon emissions
through physical depletion. This gap motivates our exploration of
depletion-based physicalization for interpreting and reflecting on
everyday carbon-emission records.

3 FORMATIVE STUDY

Before developing the final Tangible Carbon Blocks prototype, we
conducted a seven-day formative study to examine how poten-
tial users understood everyday carbon emissions and to establish a
practical mapping between recorded emission values and physical
blocks. The study combined daily activity recording through a web-
based questionnaire with post-study semi-structured interviews.
The formative study had two objectives. First, it examined how
participants interpreted carbon-emission values, compared every-
day activities, and related these values to their daily practices. Sec-
ond, it collected baseline records to calibrate the category-specific
emission units represented by the blocks in the final prototype.

3.1 Participants

We recruited five undergraduate students (3 female & 2 male), aged
from 18 to 22, to participate in our seven-day formative study. None
of our participants had formal training in carbon accounting or sus-
tainability research.

3.2 Procedure and Apparatus

We developed a web-based questionnaire! to collect participants’
daily transportation and material-use records before they interacted
with Tangible Carbon Blocks. During the seven-day formative
study, participants completed the questionnaire once per day.

Our questionnaire covered five transportation categories: car,
metro, bus, walking, and electric vehicle; and three material cat-
egories: PP/plastic, paper, and wood. For transportation activities,
the system estimated carbon emissions using the recorded travel
distance and the emission factor assigned to each transport mode.
For material use, emissions were calculated using the recorded
weight and the corresponding emission factor per gram.

Each participant was provided with an electronic scale to mea-
sure the daily weight of paper, wood, and plastic. Travel distances
were estimated from the origins, destinations, and routes shown in
participants’ mobile map applications. Participants followed the
same measurement and estimation procedures throughout the study
to improve consistency across daily records. At the end of each day,
they submitted the questionnaire, after which the system generated
category-level carbon-emission estimates. The resulting seven-day
baseline records are summarized in Table 1.

3.3 Post-interview

After the seven-day recording stage, we conducted semi-structured
interviews with the five participants to understand their perceptions
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Table 1: Total daily carbon emissions of five participants during the
formative baseline-recording stage.

Table 2: Summary of formative interview questions and representa-
tive participant responses.

Participant ~ Day 1 Day2 Day3 Day4 Day5 Day6 Day7 Total Mean

P1 0.123 0.146  13.544 0.612 2248 2135 2041 20.849 2978
P2 23.800 12.110 5542 2981 5643 3462 4230 57767 8252
P3 1.724  5.091 2408  1.303  1.699 2456 2.113 16.794 2.399
P4 6.383 9.743 6.236  6.518 4924 2177 5420 41402 5915
P5 2.111 3.069 2.167 2339 3333 4031 3.012 20.063 2.866

Note: All carbon-emission values are reported in kg CO5e?.

of carbon emissions and the difficulties they experienced when in-
terpreting the recorded results. Each interview lasted 10-15 min-
utes, varying depending on participants. The questions focused
on participants’ understanding of carbon emissions, their ability
to compare different daily activities, and their engagement with
carbon-related calculations. The interview questions and represen-
tative responses are summarized in Table 2.

Participants commonly described carbon emissions as abstract
and difficult to connect to daily actions. They also expressed un-
certainty when comparing the relative impact of different activities,
such as transportation and material use. In addition, they rarely en-
gaged in explicit calculation of their own carbon emissions. These
findings suggested that a carbon-feedback design should not rely
only on numerical information. Instead, it should support intuitive
perception, cross-category comparison, and continuous reflection
through more accessible forms of representation.

3.4 Block Unit Calibration

Based on the baseline records, we defined a baseline-calibrated unit
for each category. This unit specified how much carbon emission
one physical block represents. The goal was not precise life-cycle
carbon accounting. Instead, we used the unit as a practical in-
teraction scale, helping participants perceive category differences
through block addition or removal.

We denote the per-block unit for category c as u. in kg COse per
block. Formally, we calculated the block unit as:

Ect‘)asehne
Ue = —>

Ne

where EP®eline js the baseline weekly total carbon emissions for
category ¢, and N, is the number of blocks allocated to that cate-
gory. Emission factors from prior literature were used in the ques-
tionnaire to estimate activity-level carbon emissions E, while the
baseline records were used to calibrate the physical block units.

We then adjusted the resulting values to keep the interaction
manageable and visually perceptible. Material-related categories
were assigned smaller per-block units because their daily emissions
were generally lower, while transportation-related categories were
assigned larger per-block units because they produced higher emis-
sions. This calibration process allowed changes within each activity
category to remain visually perceptible while keeping the overall
prototype practical for everyday tangible interaction.

The final baseline-calibrated mapping is reported in Section 4.

4 DESIGN OF TANGIBLE CARBON BLOCKS

Based on our formative study, we designed Tangible Carbon Blocks
as a physical representation of everyday carbon emissions. In this
section, we present our design goals, our physical block toolkit,
the mapping between carbon emissions and block depletion, and a
representative scenario of use.

4.1 Design Goals

Our formative study revealed three design challenges. First, partic-
ipants found carbon-emission numbers difficult to interpret in ev-
eryday terms. Second, they had difficulty comparing the relative

Interview Question Representative Participant Re-

sponses

* “I know carbon emissions con-
tribute to climate change, but I
don’t really understand how big
the impact is.”

* “I'm aware they cause global
warming, but it feels quite ab-
stract and distant from my daily
life.”

To what extent do you think
carbon emissions affect cli-
mate change and the green-
house effect?

How do you usually under-
stand carbon emissions?

* “I know they are important, but
the numbers don’t really mean
much to me.”

e “It’s hard to tell how much
impact my daily actions actually
have.”

Can you compare the car-
bon impact of different daily
activities?

* “I know transportation matters,
but I'm not sure how it compares
to things like materials or packag-
ing.”

* “It’s difficult to judge which ac-
tivities contribute more.”

Do you ever try to calcu- < “Not really. I know there are

late or think about your car-  calculators, but I don’t use them

bon emissions in daily activ-  regularly.”

ities? * “I sometimes think about it in
general terms, but I don’t calcu-

late actual numbers.”

carbon impact of different activities across categories. Third, they
rarely tracked their own emissions continuously over time. These
challenges motivated three design goals.

Goal 1: Support intuitive understanding beyond numerical val-
ues. The design should reduce users’ dependence on abstract nu-
merical metrics and make carbon emissions more directly perceiv-
able. Instead of requiring users to interpret kilograms of CO;e only
as numbers, the toolkit should translate emission information into a
physical form that can be seen, touched, and compared. This goal
responds to participants’ difficulty in understanding what carbon-
emission numbers mean in relation to everyday actions.

Goal 2: Enable comparison across everyday activity categories.
The design should help users compare the relative impact of dif-
ferent categories, such as plastic use, paper use, car travel, pub-
lic transport, and walking. Because participants reported uncer-
tainty about which activities contributed more to their carbon foot-
print, the toolkit should support side-by-side comparison across cat-
egories. This goal aims to make differences in carbon intensity
more visible through the number and depletion of blocks, rather
than relying only on textual or numerical explanations.

Goal 3: Represent carbon emissions as a finite and gradually
consumed resource. The design should frame carbon emissions
as something that accumulates and consumes a limited budget over
time. Since participants rarely engaged in sustained tracking, the
toolkit should encourage continuous reflection by showing how ev-
eryday choices gradually reduce the available blocks. This goal
emphasizes scarcity and depletion, helping users understand that
small daily actions can accumulate into noticeable environmental
impact over a longer period.

Together, these goals guide the design of Tangible Carbon
Blocks by shifting carbon feedback from abstract numerical calcu-
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Figure 1: Overview of the Tangible Carbon Blocks with eight color-
coded emission categories.

lation toward tangible perception, cross-category comparison, and
continuous reflection.

4.2 Depletion-based Interaction Rationale

We adopted a subtractive rather than additive representation to
frame everyday carbon emissions as the consumption of a limited
carbon budget. An additive representation emphasizes how much
carbon has already accumulated, whereas the gradual removal of
blocks foregrounds the remaining capacity and makes cumulative
consumption visible over time. The blocks remaining at the end
of one day become the starting point for the next day, preserving a
physical trace of previous activities and supporting reflection across
multiple days. This depletion metaphor was intended to make the
idea of limited resources more perceptible, rather than to induce or
measure a specific psychological scarcity effect.

4.3 Design Overview

As shown in Figure 1, Tangible Carbon Blocks represents everyday
carbon-emission records using color-coded, stackable blocks. The
prototype covers eight material and mobility categories: PP/plastic,
paper, wood, car, electric vehicle (EV), metro, bus, and walking [1,
24,27,31, 5, 11, 23].

Walking was included as a low-emission mobility category be-
cause human movement involves metabolic energy expenditure.
Within the accounting boundary adopted in the questionnaire, ad-
ditional physical activity may be associated with additional food
intake, whose production generates indirect greenhouse-gas emis-
sions. The assigned walking value therefore reflects an estimated
indirect contribution rather than direct emissions from walking. It
depends on assumptions about dietary intake and carbon intensity,
and walking remains substantially less carbon-intensive than most
motorized transport modes. Color was used solely to distinguish
activity categories. Because the palette was constrained by the
availability of commercially manufactured blocks, it was not in-
tended to communicate carbon intensity, environmental severity,
or other semantic meanings. Participants were introduced to the
color—category associations before deployment and were provided
with consistent labels throughout the study. Nevertheless, differ-
ences in hue, saturation, and brightness may have made certain
categories more visually prominent. Future designs could adopt
a controlled, color-vision-accessible palette and supplement color
with labels, icons, shapes, or textures. The modular blocks support
repeated removal, stacking, and side-by-side arrangement. Unlike
transient screen-based feedback, the remaining blocks persist in the
surrounding environment, preserving a visible trace of earlier ac-
tivities. Their low cost and ease of manipulation also support ex-
ploratory use in everyday, educational, and shared contexts.

Table 3: Mapping between block categories, colors, and baseline-
calibrated per-block units (u.).

Category Block Color Block Unit u. (kg CO;e/block)
Plastic (PP) Red 0.05

Paper Orange 0.002

Wood Yellow 0.05

Car Green 1.0

Electric Vehicle (EV) Cyan 1.0

Metro Blue 1.0

Bus Purple 0.5

Walking Pink 0.2

Each category contains a fixed number of blocks, with each
block corresponding to a baseline-calibrated carbon-emission unit,
u.. These units were derived from the formative baseline records
described in Section 3.4 and are summarized, together with the
color assignments, in Table 3. The resulting mapping functions as
a practical interaction scale rather than a precise life-cycle carbon-
accounting system.

Since emission ranges varied substantially across activities,
material-use categories were assigned smaller per-block units,
whereas transportation categories used larger units. This category-
specific calibration keeps depletion perceptible within each cate-
gory while maintaining a manageable number of physical blocks.
The design therefore supports observation of category-level deple-
tion and cumulative change over time, rather than direct equiva-
lence between blocks belonging to different categories.

4.4 Interaction and Mapping

To represent everyday carbon-emitting activities, the interaction
with Tangible Carbon Blocks centers on physically removing
blocks. After the user completes the web-based questionnaire,
the system estimates emissions. The user then removes a corre-
sponding number of blocks from the relevant category. Specifi-
cally, we convert estimated emissions E into an integer block count:
n = [E /uc], where u, is the per-block unit for category c.

Categories are arranged side by side to support comparison
across material and transportation choices. Prior studies on
multiple-view visualization suggest that side-by-side arrangements
can support comparative reasoning across complex information
spaces [4]. Prior work on multimodal and embodied interaction also
shows that physical interaction can support intuitive exploration of
complex information spaces [33]. The gradual depletion of blocks
makes cumulative emissions visible over time and shows the re-
maining capacity in each category. By comparing the remaining
blocks across categories, users can reflect on how everyday actions
consume a limited carbon budget.

4.5 A Scenario of Use

At the beginning of use, the user places all eight categories of color-
coded blocks in their initial positions. As daily activities take place,
such as using packaging materials or choosing different transporta-
tion modes, the user completes the web-based questionnaire to es-
timate the associated carbon emissions. Based on the calculated
results, the user removes the corresponding number of blocks from
the relevant category. Over time, differences in the rate of block de-
pletion across categories become visually apparent. By observing
these physical changes, users can compare how different everyday
behaviors contribute to overall carbon emissions, supporting reflec-
tion on the structure and distribution of daily carbon emissions.

5 USER STUuDY

To examine how Tangible Carbon Blocks supported users’ under-
standing of everyday carbon emissions, we ran a second 7-day
study. The study was designed as an exploratory deployment rather



© This is the author’s version of the article that has been accepted by ChinaVis 2026.

Table 4: Daily carbon-emission records of five participants during the
Tangible Carbon Blocks usage stage.

Table 5: Comparison of average daily carbon emissions between the
baseline stage and the Tangible Carbon Blocks usage stage.

Participant Day1 Day2 Day3 Day4 Day5 Day6 Day7 Total Mean

P1 0.119  0.139 12460 0.520 1.753 1494 1265 17.750 2.536
P2 15.844 7.895 3500 1.739 3.021 1.663 1.801 35463 5.066
P3 1.672 4836 2215 1.108 1325 1.719 1310 14.185 2.026
P4 6.192 9256 5737 5540 3841 1.524 3360 35450 5.064
P5 2048 2916 1994 1988 2600 2822 1.867 16235 2319

Note: All carbon-emission values are reported in kg CO»e.

than a controlled behavioral intervention. Its purpose was to inves-
tigate how participants interpreted, compared, and reflected on ev-
eryday carbon emissions through depletion-based physicalization.

5.1 Participants

Since carbon emissions are personal data, to make the data compa-
rable, we asked the same five participants whether they were willing
to continue participating in the formal user study. All five partici-
pants agreed to take part in the user study.

5.2 Procedure and Apparatus

Our user study lasted for seven days. Before the study began, each
participant was provided with a set of Tangible Carbon Blocks. We
introduced the meaning of the blocks, the mapping between col-
ors and categories, and the baseline-calibrated unit carbon-emission
value u, for each category.

During the study, participants continued to record their daily
activity data using the web-based questionnaire. At the same
time, based on the carbon-emission results calculated by the sys-
tem, they removed the corresponding number of Tangible Carbon
Blocks from each category. In this way, carbon emissions gener-
ated by daily material use and transportation choices were trans-
formed into visible, touchable, and gradually decreasing physical
changes. The participants’ blocks after one week of use are shown
in Figure 2, and the corresponding seven-day usage-stage carbon-
emission records are summarized in Table 4.

5.3 Post-interview

After the seven-day user study, we conducted a post-interview with
each participant to understand their subjective perceptions of using
Tangible Carbon Blocks. The post-study interviews included five
open-ended questions: (1) After using Tangible Carbon Blocks, did
you become more aware of which daily activities contributed most
to your carbon emissions? (2) Compared with only viewing nu-
merical results on the webpage, did the physical blocks make car-
bon emissions easier to understand or perceive? (3) During the use
of Tangible Carbon Blocks, did you consciously adjust your trans-
portation choices or material-use behaviors? (4) Which category
of blocks was depleted more quickly than you expected, and why?
(5)Do you think Tangible Carbon Blocks helped you reflect on car-
bon emissions in everyday life? If so, in what ways?

5.4 Data Analysis

We analyzed both quantitative carbon-emission records and quali-
tative interview and observation data. The quantitative analysis fo-
cused on comparing participants’ carbon-emission records before
and during the Tangible Carbon Blocks usage stage. Specifically,
we compared each participant’s average daily carbon emissions in
the baseline stage with those in the usage stage. We also sum-
marized category-level emissions across eight activity categories:
PP/plastic, paper, wood, car, EV, metro, bus, and walking.

To describe the change between the two stages, we used three
indicators. First, we calculated each participant’s average daily
carbon emissions during the baseline stage and the usage stage.
Second, we calculated the carbon-emission difference between the
two stages: AE = Econdition — Ebaseline, Where Epaseline represents

Participant ~ Baseline Mean  Condition Mean  Difference AE  Change Rate

P1 2.978 2.536 -0.442 -14.85%
P2 8.252 5.066 -3.186 -38.61%
P3 2.399 2.026 -0.373 -15.53%
P4 5915 5.064 -0.851 -14.38%
P5 2.866 2.319 -0.547 -19.08%
Overall 4.482 3.402 -1.080 -24.09%

Note: All carbon-emission values are reported in kg COze.

the average daily carbon emissions during the baseline stage, and
E ondition represents the average daily carbon emissions during the
Tangible Carbon Blocks usage stage. A negative value of AE indi-
cates that the participant’s average daily emissions decreased dur-
ing the usage stage. Third, we calculated the percentage change in
carbon emissions: R = 7‘5““““““;;;5:”*3""3 x 100%.

In addition, we summarized category-level emissions across the
eight activity categories and examined individual trajectories rather
than conducting confirmatory statistical tests. Given the small sam-
ple size and exploratory study design, these values are reported only
to describe patterns observed during the study period and should not
be interpreted as evidence that the toolkit caused emission reduction
or long-term behavioral change.

For the qualitative data, we analyzed participants’ answers to in-
terview questions using thematic analysis. We first reviewed re-
sponses to the five questions and then grouped recurring responses
into broader themes. Representative quotes were selected to il-
lustrate how participants interpreted the tangible blocks, compared
categories, reflected on depletion, and discussed possible behavior
changes with others. Results are shown in Table 7.

5.5 Results
We first present quantitative results, then the qualitative results.

5.5.1 Quantitative Results

We summarize participants’ average daily carbon-emission records
across the two study stages in Table 5, and show the corresponding
participants’ individual carbon emission trajectories in Figure 3:

All five participants had a lower average daily values during the
Tangible Carbon Blocks usage stage than during baseline record-
ing, although the differences varied across individuals. Across par-
ticipants, the average daily value decreased from 4.482 kg COse
at baseline to 3.402 kg COje during use, a descriptive difference
of —1.080 kg COze per participant per day. This pattern should
not be interpreted as evidence that the toolkit caused emission re-
ductions. Because the same participants completed both stages
in a fixed order without a control group, the difference may re-
flect self-monitoring, learning or order effects, novelty, sched-
ule or travel changes, and other external factors. At the cate-
gory level, transportation accounted for most recorded emissions
during use, whereas material-use categories contributed smaller
amounts. These patterns contextualize participants’ reflections on
transportation-related depletion but do not demonstrate that the
toolkit reduced emissions or sustained behavioral change.

Table 6 shows the seven-day category-level carbon emissions
during the Tangible Carbon Blocks usage stage. Transportation-
related categories, including car, EV, metro, and bus, accounted
for a large proportion of the total emissions. However, the dis-
tribution varied across participants. P1’s emissions were mainly
associated with car use, while P2 and P4 showed relatively high
and more distributed transportation-related emissions across car,
EV, metro, and bus. P3 and P5 showed lower overall emissions,
with smaller contributions from car and public transport categories.
Paper-related emissions remained very low across all participants,
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Figure 2: Participants’ Tangible Carbon Blocks after one week of use. The remaining blocks visually reflect participants’ accumulated carbon-

emission patterns across daily activity categories.
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Figure 3: Participant-level average daily carbon-emission records
during the baseline-recording and Tangible Carbon Blocks usage
stages. Each line connects the two stage averages for one partici-
pant. The figure presents descriptive individual trajectories and does
not imply that the observed differences were caused by the toolkit.

while PP/plastic, wood, and walking contributed smaller but still
visible portions of the total emissions.

The category-level results show where the recorded emissions
came from. Transportation-related categories dominated the usage-
stage emissions. In contrast, material-related categories, such as
paper, wood, and PP/plastic, contributed much smaller proportions.
This pattern helps explain why participants noticed transportation
blocks more quickly in the later qualitative reflections.

5.5.2 Qualitative Results and Participant Observations

Our qualitative results (Table 7) are organized around the five guid-
ing interview questions, making the link between interview focus
and participant responses explicit.

Q1: Did the blocks help participants become aware of high-
emission daily activities? Participants generally reported that Tan-
gible Carbon Blocks helped them identify which daily activities
contributed most to their carbon emissions. Transportation-related
categories, especially car use, EV, metro, and bus, were repeat-
edly described as more noticeable because these blocks decreased
faster than material-related categories. Several participants men-
tioned that seeing the transportation blocks arranged side by side
made it easier to compare which travel choices contributed more to
their overall emissions.

Q2: How were physical blocks perceived differently from nu-
merical carbon results? Participants described the physical blocks
as more direct and easier to understand than numerical carbon val-
ues on the webpage. Instead of interpreting kg CO5e as an abstract
number, they could look at the remaining blocks and immediately

Table 6: Seven-day category-level emissions in the usage stage.

P. PP Paper Wood Car

0.185 0.012 0.040
0.560 0.018 0.085
0.585 0.015 0.110
0.490 0.020 0.135
0.490 0.014 0.095

EV  Metro Bus Walk Total

Pl
P2
P3
P4
P5

8.650
9.500
4.250
9.650
4.600

2.350
8.200
2.050
8.790
2.260

3.150
9.600
3.450
9.225
3.980

2.180 1.183
4.800 2.700
1.850 1.875
4.990 2.150
2.810 1.986

17.750
35.463
14.185
35.450
16.235

Total 2.310 0.079 0.465 36.650 23.650 29.405 16.630 9.894 119.083

Note: P. = Participant; PP = PP/plastic; Walk = walking.
Values are reported in kg COze.

perceive which categories were larger or smaller. This suggests
that the tangible representation helped transform numerical carbon-
emission data into a more embodied and intuitive form of feedback.

Q3: Did participants report any behavior adjustment during
use? Some participants reported that the depletion of blocks cre-
ated a sense of urgency and encouraged them to consider lower-
carbon choices. For example, participants mentioned becoming
more willing to choose metro or bus instead of relying on private-
car travel when they saw transportation-related blocks decreasing
quickly. This does not prove long-term behavior change, but it sug-
gests that the toolkit may support short-term reflection and reduc-
tion motivation.

Q4: Which categories were unexpectedly depleted faster?
Participants most frequently identified transportation-related cate-
gories as being depleted faster than expected. In contrast, paper-
related emissions remained almost invisible in comparison. This
contrast helped participants recognize differences in carbon inten-
sity across everyday activities. The side-by-side arrangement of
categories also supported comparison between high-emission and
low-emission behaviors.

Q5: Did the blocks support everyday reflection or discussion?
Participants reported that the blocks encouraged continuous reflec-
tion because they did not reset each day. The remaining blocks car-
ried over across the week, making cumulative consumption more
visible. The side-by-side arrangement also triggered discussion
among participants. They compared their remaining blocks, dis-
cussed differences in transportation and material use, and shared
possible reduction strategies.

Although participants generally reported positive experiences,
some noted that remembering to complete the daily question-
naire and recording material-use information required additional
effort. Overall, participants considered Tangible Carbon Blocks
to be a more concrete and intuitive way to understand everyday
carbon emissions. Their responses suggest that the toolkit sup-
ported awareness of high-emission activities, comparison across
categories, short-term reflection on behavior, recognition of unex-
pectedly fast-depleted categories, and shared discussion around ev-
eryday carbon choices.
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Table 7: Themes, Sub-themes, Representative Quotes, and Participants

Theme Sub-theme Representative Quotes Participants
Intuitive perception of relative “The transportation blocks changed much faster than I expected. Seeing car, EV, P2
Embodied Cognition & intensity metro, and bus blocks side by side made it easier to compare which travel choices
Comparison contributed more.”
“The paper blocks barely changed, but the plastic and transportation blocks were P4
much more noticeable. This made the differences between categories very clear.”
Beyond numerical “Compared with numbers on a phone, physical changes are more direct. Idonot P4, P5
understanding need to think about units; I can tell which category is larger just by looking at the
remaining blocks.”
“This method lets me see what I am actually using in my daily life much more ~ P3
intuitively than mere numerical values.”
Perception of finite resources “Watching the blocks decrease every day made me realize that carbon emissions P2, P4, P5
are more like a limited budget, rather than an invisible number that can increase
Sense of Scarcity & Depletion endlessly.”
“The number of blocks is finite; no matter what I do, I cannot add more. It just P1,P3
keeps decreasing as I make daily choices.”
Loss aversion & reduction “Seeing only a few blocks left created a sense of urgency. This made me more P2, P5
motivation willing to choose metro or bus instead of relying too much on private-car travel.”
“As the blocks dwindled, I felt a conscious urge to reduce the categories that ~ P3
were used most, especially transportation-related ones.”
Cross-temporal awareness of “Since today’s blocks were affected by what remained from yesterday, I beganto ~ P1, P4
depletion plan my remaining carbon budget from a longer-term perspective instead of only
Continuous Reflection focusing on a single day.”
“The blocks do not reset; they just stay there. It makes me realize that my emis- P4
sions do not disappear when a new day starts.”
Deep awareness of lifestyle “Watching the blocks gradually vanish made me feel for the first time how my PS5
ordinary lifestyle could continuously consume environmental resources.”
“The disappearance of the corresponding blocks made me realize that small daily ~ P1, P2
choices, such as transport mode and plastic use, can accumulate over a week.”
Environment-triggered “These blocks are arranged side by side as a whole. This layout naturally led us P2, P3, P4

Social & Shared Reflection discussion
Collective sense-making &

learning

“When comparing differences, seeing others retain more blocks through different

to discuss trade-offs between transportation, diet, and everyday material use.”
“When discussing together, we were not just looking at our own blocks; we were PS5
also sharing reduction strategies. The atmosphere was very infectious.”

P3, P4

choices made me want to imitate those more eco-friendly lifestyles.”

5.6 Findings

Below, we summarize our findings from three aspects in which par-
ticipants experienced and interpreted Tangible Carbon Blocks.

F1: Tangible depletion supports intuitive understanding and
cross-category comparison. Participants used the depletion of
blocks to compare carbon emissions across daily activity cate-
gories. Rather than reading each category as an isolated numerical
value, they compared the remaining blocks side by side and noticed
which categories were consumed more quickly. Transportation-
related categories, including car, EV, metro, and bus, were often
perceived as more salient because their blocks decreased faster than
material-related categories such as paper or wood.

This finding suggests that the physical layout of Tangible Carbon
Blocks supported cross-category comparison. The side-by-side ar-
rangement made differences between categories visible at a glance.
For example, when participants saw that transportation blocks were
depleted more quickly than paper blocks, they could more easily
recognize that different everyday activities had very different car-
bon intensities. In this sense, the blocks did not simply display
carbon-emission data; they transformed category-level differences
into visible physical changes.

Compared with numerical feedback on the webpage, the tangi-
ble representation appeared to reduce the effort needed to interpret
relative differences. Participants did not need to compare abstract
kg CO,e values manually. Instead, they could observe differences

in the depletion patterns of the categorized blocks and use visual
depletion as a direct cue. This supports the design goals of helping
users intuitively understand carbon emissions and perform cross-
category comparison.

F2: Physical depletion makes emissions feel finite. The gradual
removal of blocks helped participants perceive carbon emissions
as a finite and consumable resource. In ordinary carbon-feedback
toolkit, emissions are often shown as numbers that increase over
time. In Tangible Carbon Blocks, however, participants interacted
with a limited set of physical blocks that gradually decreased as
daily activities were recorded. This changed the format from an
abstract accumulated number into a visible process of depletion.

Several participants reported that seeing blocks disappear cre-
ated a stronger sense of having “used something up.” This was
especially noticeable when one category decreased faster than ex-
pected. The finite number of blocks made the carbon budget feel
more concrete because participants could see that the available
blocks were limited and could not be immediately restored. This
physical loss made the idea of carbon consumption more percepti-
ble than simply seeing a numerical total.

This finding suggests that tangible depletion can support reflec-
tion on cumulative consumption over time. Because the blocks did
not reset every day, participants could see how small daily choices
accumulated during the study. The remaining blocks acted as a
physical trace of previous actions. In this way, Tangible Carbon
Blocks helped participants reflect on both individual activities and
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longer-term carbon-emission patterns.

F3: Visible physical artifacts provided a shared reference for
discussion and reflection. The side-by-side arrangement of blocks
and the collective interaction setting encouraged participants to dis-
cuss carbon-emission patterns with others. During the study, partic-
ipants compared which categories depleted more quickly, discussed
why their patterns differed, and considered alternative choices.
These discussions were often prompted by visible differences in
the remaining blocks rather than numerical values alone.

Our observations suggest that Tangible Carbon Blocks may func-
tion not only as an individual feedback toolkit, but also as a shared
object for discussion. Because the blocks were visible and phys-
ically arranged in the shared environment, participants could eas-
ily point to specific categories and compare them with others. For
example, transportation-related blocks often became a topic of dis-
cussion because they showed more visible depletion. Participants
used these visible differences to reason about trade-offs between
transportation modes, material use, and everyday routines.

This observation is consistent with prior collaborative visualiza-
tion research showing that shared visual representations can facil-
itate discussion, comparison, and collective reasoning [22].In our
study, the tangible blocks provided a shared reference point that
supported collective sense-making. This led to conversations about
alternative choices, such as comparing transportation modes or re-
ducing material consumption. Therefore, Tangible Carbon Blocks
may support not only personal reflection, but also social reflection
around everyday environmental impact.

6 DISCUSSION, LIMITATIONS, AND FUTURE WORK

Discussion: Tangible Carbon Blocks represents everyday carbon
emissions as the depletion of a finite physical budget. Rather than
relying solely on numerical totals, the toolkit externalizes cumula-
tive consumption through the gradual removal of blocks, making
changes persistent and perceptible in the surrounding environment.
This approach relates to affective visualization design, which con-
siders how experiential and emotional qualities of representation
may support engagement and reflection [20]. Temporal continuity
is central to the design: the blocks remaining at the end of one day
become the starting point for the next. This preserves a physical
trace of previous activities and allows participants to observe how
daily actions accumulate over time. Participants’ accounts suggest
that gradual depletion made the notion of a limited carbon budget
more salient and prompted reflection on cumulative consumption.
These observations do not establish a measurable scarcity effect or
causal evidence of emission reduction; rather, they indicate that de-
pletion may serve as a useful metaphor for framing carbon emis-
sions as a limited resource. Compared with conventional single-
number feedback, the toolkit translates carbon-emission records
into persistent physical cues that may help users notice category-
specific depletion patterns and reflect on the distribution of their
daily emissions. Its contribution therefore lies not in precise car-
bon accounting or demonstrated behavioral change, but in explor-
ing how tangible depletion may support intuitive perception, cumu-
lative awareness, and reflective engagement [30, 17, 20].

Limitations: Our exploratory findings should be interpreted in
light of several limitations. First, the color mapping may have
introduced perceptual bias. Because the palette was constrained
by commercially available blocks rather than developed through
a controlled encoding process, variations in hue, saturation, and
brightness may have made some categories more visually salient.
Although participants were informed that color denoted category
rather than emission intensity or environmental severity, its influ-
ence on attention cannot be ruled out. Second, the study relied on
manual self-reporting through a web-based questionnaire. Daily
estimation of travel distances, weighing of materials, and data en-
try may have increased burden and introduced omissions, inaccu-

racies, or inconsistencies. The recorded values should therefore
be treated as approximate self-reports rather than exact measure-
ments of personal carbon footprints. Third, the evaluation was
limited to five undergraduate participants and a seven-day deploy-
ment. The small, homogeneous sample and short duration constrain
the broader applicability of the findings. Furthermore, all partici-
pants completed the baseline stage before the block-use stage, with
no control group or counterbalanced order. Differences between
stages may therefore reflect self-monitoring, learning, order, nov-
elty, or contextual influences such as weather, academic schedules,
and travel requirements. The results do not provide causal evidence
that Tangible Carbon Blocks reduced emissions or produced last-
ing behavioral change. Finally, block units were calibrated from
individual baseline records rather than a uniform physical scale or
comprehensive Life Cycle Assessment (LCA). Although person-
alization made within-category changes more visible and kept the
prototype physically manageable, it reduced comparability across
categories and participants. The toolkit should therefore be viewed
as an exploratory medium for reflection and discussion, not as a
precise carbon-accounting instrument.

Open Research Opportunities & Future Work: Our work opens
several opportunities for future research on tangible carbon feed-
back. One opportunity is to explore how automated data cap-
ture, such as mobile sensing, GPS-based travel recognition, tran-
sit records, receipt scanning, or smart-home sensors, can reduce
manual entry and support longer-term engagement. Another oppor-
tunity is to investigate alternative mapping and encoding strategies.
For example, future studies could compare category-specific block
units with a uniform carbon unit to better understand the trade-
off between physical manageability and cross-category compara-
bility. Researchers could also examine how color-vision-accessible
palettes, labels, icons, shapes, or textures can make tangible carbon
representations more inclusive.

Future research could further evaluate tangible carbon feedback
with larger and more diverse samples, longer deployments, and
more rigorous study designs. Controlled or counterbalanced com-
parisons among physical, digital, and hybrid feedback conditions
would help clarify the specific role of tangible representation, apart
from self-monitoring, novelty, or order effects. Finally, deploy-
ments in households, classrooms, workshops, and public exhibi-
tions offer opportunities to study how physicalized carbon data can
support not only individual reflection, but also shared discussion,
collective sense-making, and sustainability education [26].

7 CONCLUSION

We present Tangible Carbon Blocks, a tangible data physicaliza-
tion to support reflection and cross-category comparison of every-
day carbon emissions. Through a seven-day formative study and a
seven-day user study with five undergraduate participants, we found
that the physical blocks helped participants notice relative differ-
ences across emission categories, especially between transportation
and lower-emission material-use activities, and reflect on how daily
choices accumulated over time. Given the small sample size and
short duration, our quantitative results are descriptive rather than
confirmatory. Instead, our contribution lies in exploring how tangi-
ble physicalization can make everyday carbon emissions more per-
ceptible, comparable, and discussable. Future work should involve
larger, more diverse samples, longer deployments, and more rigor-
ous carbon accounting methods.
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