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Abstract

Due to the need for effective track and trace systems to
enable circular construction supply chains (CCSC), this
study evaluated the performance of radio-frequency iden-
tification (RFID), near-field communication (NFC) chips,
quick response (QR) codes and Direct Product Marking
(DPM) in identifying and reading material information.
Key metrics — detection speed, error rates, and user ex-
perience — were assessed and gave consideration to the
differential impacts of controlled and uncontrolled experi-
mental conditions. Findings indicate that, relative to DPM,
RFID and NFC offered improved usability and reduced
reading times, with minimal differences in error rates; re-
sults were strongly influenced by usability and experimen-
tal context.

Introduction

Circular construction supply chains (CCSCs) aim to miti-
gate the environmental impact of the construction sector,
which generates over one-third of global solid waste and
is responsible for approximately 37% of global energy-
related CO, emissions (United Nations Environment Pro-
gramme, 2024). The efficient reuse of materials within
CCSCs requires advanced tracking and tracing and ro-
bust data management solutions. These tools ensure
transparency and efficient decision-making across multi-
ple stakeholders and phases (Wijewickrama et al., 2021).
Making collected and associated information about mate-
rials and components digitally available throughout their
life cycle can enable more informed decision-making, sup-
port reuse and recycling, and foster transparency and ac-
countability across the construction and demolition pro-
cesses.

This requires a bridge between the physical and digital
realms capable of facilitating seamless interaction, pro-
cessing, and retrieval of material data. A novel solution
is to attach physical data carriers to pieces of material.
These data carriers can either store associated information
or, more commonly, provide the user reading the carrier
with a link to the externally stored data containing infor-
mation about the material.

Different physical data carriers exist, each with its own
advantages and disadvantages. Byers et al. (2024a) com-
pared the usability and efficiency of direct product mark-

ing (DPM) codes, quick response (QR) codes, and near-
field communication (NFC) chips in the specific context
of CCSCs. They conducted an experimental design in a
controlled setting to assess speed and error rates between
different carriers and collected participant feedback on the
experience. Users were instructed to retrieve digital in-
formation about the prepared materials by reading the at-
tached data carriers. Users then evaluated the age of the
material components according to their readings. Byers
et al. (2024a) found that DPM underperformed compared
to QR codes and NFC chips. Users reported a slight prefer-
ence for NFC, which enabled faster information retrieval.
The study by Byers et al. (2024a) thus found that increas-
ing digitization of data carriers resulted in faster speed,
fewer errors, and better user experience in their experi-
ment. This paper extends the research performed by Byers
et al. (2024a) in two directions.

First, since NFC previously performed well, the present
study extends the experiment conducted by Byers et al.
(2024a) by assessing the performance of radio-frequency
identification (RFID). NFC and RFID are both derived
from the same underlying technology. High-frequency de-
vices, commonly referred to as NFC, operate at 13.56 MHz
with a reading range of up to 5 cm. By contrast, ultra-
high-frequency (UHF) systems, commonly referred to as
RFID, operate at 850-950 MHz with a potential reading
range of up to several meters. Both technologies enable
contactless identification, eliminating the need for optical
readability, as required by QR codes (Gao et al., 2024).
This allows remote access, automated inventory updates,
and reduced reliance on manual processes. These features
make NFC and RFID suitable for automated tracking and
real-time data exchange in CCSCs (Bottani et al., 2024).
In comparison to NFC, RFID supports simultaneous read-
ings of multiple tags (Bottani et al., 2024) and is optimized
for high-volume tracking, making RFID more scalable in
growing CCSCs (Yang et al., 2021). RFID applications in
construction usually use passive UHF systems due to their
lower cost, longer lifespan, and ability to function with-
out a power source (Vhatkar and Bhole, 2010; Xue et al.,
2018). Despite their advantages in range, UHF systems of-
ten require specialized handheld readers. Although some
studies have suggested the use of RFIDs, to our knowledge
there is no study that compares RFIDs with other tracking
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Figure 1: Experimental setups of the former study (left, from B.S. Byers et al., 2024) and the current study (right)

methods in the specific context of CCSCs.

Second, considering variability in uncontrolled scenarios
is critical to understanding how systems operate in practi-
cal applications for CCSCs and how they can be scaled and
adopted (Thirumal et al., 2024). The transition to a circular
economy in construction relies on reuse ecosystems, where
existing buildings serve as material banks that enable se-
lective deconstruction and recovery of materials for future
projects (Cetin et al., 2023). Real-world CCSC scenar-
ios involve selectively deconstructing buildings to recover
high-value materials, which are then stored in warehouses
or marketplaces until reuse. This process requires robust
tracking of each material’s properties, history, and condi-
tion. To enable effective reuse, digital tools like building
information modeling (BIM), material passports, and non-
destructive testing help document material integrity and
ensure compatibility with new construction projects (By-
ers et al., 2024b). Uncontrolled environments better reflect
real-world field conditions, where component placement
and data carrier positioning may not be obvious.

The valuable insights about NFC, QR, and DPM usability
in Byers et al. (2024a) are limited by the study’s controlled
setup. Eliminating environmental variables that could
confound the experiment makes the study unrepresentative
of practice. In addition, it examines only NFC chips for
CCSCs, not RFID tags. Although RFID presents the ben-
eficial abilities to scan multiple tags simultaneously and
operate at longer distances, it is unclear whether these ad-
vantages translate into improved performance under real-
world conditions. Construction environments introduce
significant challenges for data carrier performance, includ-
ing signal interference from metal, electromagnetic noise,
and extreme weather conditions, all of which can reduce
detection accuracy and reliability (Lemieszewski et al.,
2024).

Respectively, two experimental research questions were
formulated:

1. Does increasing data carrier digitization (RFID and
QR) show better reading efficiency than the tradi-
tional approach (DPM)?

2. How does an uncontrolled environment affect the ef-
fectiveness of data carriers compared to a controlled
environment?

The resulting experiment provided insight into the perfor-
mance of RFID, QR, and DPM data carriers. It enabled a
comparison of their potential relative advantages, particu-
larly regarding the level of digitization. These results also
build on the previous findings by Byers et al. (2024a), al-
lowing for a reflection on how different technologies per-
form under more realistic, uncontrolled conditions. The
present findings suggest that the experimental setup in By-
ers et al. (2024a) affected the test results. These results
could inform more context-sensitive recommendations for
implementing data carriers in practice.

Research Design

This study is similar to the previous quantitative,
participant-based experiment conducted by Byers et al.
(2024a). In the former study, NFC chips, QR codes, and
DPM codes were investigated. The present study substi-
tuted the NFC chips with RFID tags but kept the QR and
DPM codes. The materials selected for this experiment
were chosen to align with those used in the study by Byers
et al. (2024a); beyond that, the specific types and quanti-
ties of materials were selected arbitrarily. The materials
used in both studies represent the diversity of typical con-
struction components: two masonry bricks, one radiator,
one PVC pipe, three wooden beams, one steel beam, one
wooden board, two Oriented strand board (OSB) sheets,
and one acrylic sheet. In both studies, participants were
tasked with using the data carriers to read the material
passports and then count the number of components older
than 25 years.

Unlike the previous study (Figure 1, left), the present ex-
periment was conducted in an uncontrolled environment:
a storage space for reclaimed materials (Figure 1, right).
Participants were assigned to use only one data carrier and
then required to locate the components with data carriers
and complete the assigned inventory task. The experiment
was completed individually to eliminate potential biases
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Figure 2: Experimental setups of the former study. Storage plan (left) and data carriers (center, right).
The storage plan is symbolic and not to scale.

that could have arisen from participants observing one an-
other. Consequently, each participant completed the ex-
periment only once using one data carrier. Although the
data carriers were not consistently placed on the same sides
or types of material, they were positioned within the partic-
ipants’ potential line of sight, eliminating the need for ma-
terial handling or repositioning. Before they began, partic-
ipants were informed of the total number of tagged com-
ponents and the types of materials involved (Figure 2).

This setup enabled a practical experimental approach to in-
vestigate effective solutions applicable in real-world con-
texts. Both objective and subjective quantitative data was
collected from participants. The study measured three de-
pendent variables: task completion time (continuous), er-
rors (discrete), and system usability scale (SUS), which
participants assessed using a Likert scale. To reliably as-
sess the user experience of the track-and-trace stack, the
SUS employed a standardized calculation to derive a us-
ability score ranging from O to 100 (Brooke, 1995). Data
was analyzed through exploratory and statistical methods
using Python. More details about the procedure, data car-
rier, and data analysis are provided in the following sec-
tions.

Procedure

As in the former study, participants, recruited via con-
venience sampling, comprised graduate students and re-
searchers in civil engineering and architecture from ETH
Zurich. This nonrepresentative sample may reflect future
users of similar systems. Ethical approval was obtained
from the ETH Zurich Ethics Commission (Project 2024-
N-28).

Each participant was timed as they completed the task.
A facilitator was responsible for timing the experiment
and recording the final answer. After each task, partici-
pants completed the SUS survey. All data was recorded in
Google Sheets.

Data Carriers

All three data carrier types were arranged in a cluster
on each component. Each data carrier was linked to a
distinct material passport system. The UHF RFID tag
(BISO1AU) was accessed with a specific reader (BISO1H2)
that shown material information. The QR code directed
participants to a Google Sheet containing the material
passport. The DPM contained a 15-character product code
(ASCII) prompting participants to locate the matching data
sheet from a binder of 50 printed material passports. This
procedure simulates a typical control scenario in the archi-
tecture, engineering, and construction (AEC) industry.

Data Analysis

Exploratory data analysis was conducted to answer the re-
search questions and examine the variability and distribu-
tion of the data for the three systems. Statistical analy-
sis focused on performance comparisons within this study
and against the former study. Prior to analysis, minor in-
dividual data points were excluded during data cleaning
to ensure the reliability of the analysis. Metrics were re-
ported as mean values per participant to ensure compa-
rability across systems and studies with differing sample
sizes. Distributions of individual results were also visual-
ized to support interpretation.

The results of the experiment are reported in Table 1, Table
2, and Figure 3. The previous study conducted by Byers
et al. (2024a) is referred to as Study 1 and the present ex-
periment as Study 2. Study 1 contains a sample size of
nppM=35, ngr=39, nNyrc=39, while Study 2 has a sample
size of nppm=4, ngr=4, nrrp=8. The next two subsec-
tions elaborate on the results relevant to reading efficiency
(research question 1) and usability comparison (research
question 2).

Data Carrier Reading Efficiency

Table 1 shows mean system performance based on two
metrics: task time (seconds) and error rate (count) across
the two studies. It is structured into two major sections,
one for each study. Each section is divided into two sub-



Table 1: Comparison of mean system performance (time and error rates) for Study 1 by Byers et al. (2024a) (nppy=35, ngr=39,
nypc=39) and Study 2 as described in this paper (nppy=4, nor=4, nrrip=38). Measured values are shown alongside the relative
performance advantage of QR, NFC, or RFID over the DPM baseline.

Study 1 (Byers et al., 2024a)

Study 2

System Average Time Advantage over DPM Average Time Advantage over DPM
(seconds) (seconds) (seconds) (seconds)
DPM 447 0 (0%) 905 0 (0%)
QR 237 -210 (-47%) 509 -396 (-44%)
NFC 203 -244 (-55%) - -
RFID - - 566 -339 (-37%)
System Average Errors Advantage over DPM Average Errors Advantage over DPM
(count) (count) (count) (count)
DPM 0.09 0 0 0
QR 0.23 -0.14 0 0
NFC 0.03 +0.06 - -
RFID - - 0.38 -0.38

Table 2: Comparison of mean usability (SUS score) across studies for
Study 1 (nppy =35, ngr=39, nyrc=39) in a controlled environment and Study 2 (nppy=4, ngpr=+4, ngrip=38) in an uncontrolled

environment.
Study 1 (Byers et al., 2024a) Study 2
System Absolute Absolute
DPM 45 49
QR 80 76
NFC 85 -
RFID - 70

sections: The first presents the average time (seconds) and
the advantage over DPM, which reflects system speed. The
second presents the average number of errors and the ad-
vantage over DPM. Figure 3 visualizes the distribution of
time and error rates for Study 2. The leftmost violin plotil-
lustrates the spread of task-completion times, and the mid-
dle violin plot depicts the error-count distribution.

The time-performance results show that DPM recorded an
average time of 447 seconds in Study 1 and 905 seconds in
Study 2. QR had an average time of 237 seconds (-210s,
-47%) in Study 1 and 509 seconds (-396s, -44%) in Study
2. NFC, tested only in Study 1, had an average time of 203
seconds (-244s, -55%). RFID, tested only in Study 2, had
an average time of 566 seconds (-339s, -37%). The left-
most violin plot in Figure 3 shows the distribution of time
performance for Study 2, with DPM values concentrated
around 900-1000 seconds; QR and RFID with lower val-
ues; and RFID exhibiting higher variability.

The error-performance results show that DPM had an av-
erage error rate of 0.09 in Study 1 and 0 in Study 2. QR
had an average error rate of 0.23 (-0.14 errors than DPM)
in Study 1 and O errors in Study 2, resulting in the empty
violin plot for the error rate of QR in Figure 3. NFC, tested
only in Study 1, had an average advantage of +0.06. RFID,
tested only in Study 2, had an average error rate of 0.38 (-
0.38 errors than DPM). The middle violin plot in Figure 3

shows the error distribution in Study 2, with DPM show-
ing a wider spread, including positive values; QR showing
no distribution; and RFID having a broad spread, mostly
negative.

Comparison of Usability

Table 2 presents the mean SUS scores for systems tested
across Study 1 and Study 2. The SUS scores in Table 2 are
presented for each system. In Study 1, DPM had a SUS
score of 45, QR had 80, and NFC had 85, indicating the
digital systems have higher perceived usability. In Study
2, DPM’s usability score was 49, QR had 76, and RFID,
which was not present in Study 1, recorded a SUS score of
70.

Figure 3 visualizes the distribution of SUS scores across
systems in Study 2. The rightmost violin plot shows
that QR had the highest concentration of scores around
60-80, while RFID displayed a wider distribution with a
lower tail, suggesting greater variability in perceived us-
ability. DPM exhibited a narrower spread with lower over-
all scores, aligning with its SUS value in Table 2.

Discussion

The following subsections first evaluate the impact of
higher data carrier digitization (i.e., RFID and QR over
DPM) on reading efficiency (as defined by speed and er-
ror count), and then compare the usability of data carriers
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Figure 3: Violin plots of time (seconds), error rates (count), and SUS (score) for absolute values of Study 2 (nppy=4, nor=+4,
NRFID=S).

in an uncontrolled environment versus a controlled setting.

The Impact of Data Carrier Digitization

The results indicate that higher digitization of data car-
riers improves reading efficiency, but the relationship is
not consistent across studies. In Study 1, performance fol-
lowed a clear hierarchy based on digitization, with DPM <
QR < NFC, where NFC had the greatest time advantage (-
55%) over DPM, followed by QR (-47%). In Study 2, how-
ever, the order shifted to DPM < RFID < QR, with RFID
performing better than DPM by -37%, which is less than
the QR code relative performance gain of -44% over DPM.
While QR exhibited a similar advantage in both studies,
the RFID in Study 2 resulted in a smaller relative improve-
ment compared to NFC chips in Study 1.

These results also highlight a discrepancy between ex-
pected and observed performance for RFID. From a tech-
nical standpoint, RFID supports longer read ranges then
NFC, multi-tag scanning, and automated data retrieval
(Bottani et al., 2024). However, in Study 2, RFID did not
surpass QR codes in reading efficiency and showed higher
time variability, as seen in Figure 3. Although RFID had
the lowest error count in Study 2, making it the most ac-
curate system, its time performance suggests that practical
usability factors influenced the results. This suggests that
while higher digitization levels might improve tracking ef-
ficiency, usability remains a key factor in real-world appli-
cations, a topic further explored in the next subsection on
SUS scores and user experience.

The Impact of an Uncontrolled Environment

The second research question examines how uncontrolled
conditions affect the usability of data carriers in CCSCs.
Study 1 by Byers et al. (2024a) tested DPM, QR, and NFC
in a controlled environment, while the current Study 2 in-
vestigated DPM, QR, and RFID in an uncontrolled envi-
ronment.

The SUS results show that in both studies, participants re-
ported consistently high usability for QR. RFID was rated
lower relative to QR in Study 2 than NFC was relative
to QR in Study 1. DPM remained the least usable, with
slightly higher score in Study 2. There are two possible

explanations for this outcome. First, QR codes may indeed
be better suited to uncontrolled environments due to their
intuitive visual representation, which allows participants to
quickly locate and scan the codes without additional equip-
ment. In contrast, while RFID offers contactless identifi-
cation, fast data-reading and multi-tag scanning, it requires
a specific handheld reader. Secondly, as the storage space
in the experiment was located in a basement, RFID read-
ing may have been disrupted by surrounding material in-
terference (Lemieszewski et al., 2024), further impacting
its efficiency. External factors may have also influenced
QR performance. In both studies, QR code reading times
depended on the user’s internet connection, since scanning
directed to an online material passport. Variations in net-
work availability and loading times could have introduced
additional delays that were not inherently linked to the
QR technology itself. Overall, these results confirm that
uncontrolled conditions, which better simulate real-world
CCSC scenarios, present additional challenges for the per-
formance of data carriers (Thirumal et al., 2024). The ob-
served differences in efficiency and SUS scores may not
be solely attributable to the technology itself, but rather a
combination of environmental and contextual factors af-
fecting performance, all of which indicates the need for
further in-depth studies.

Limitations and Future Research

One key limitation of this study is the small sample size
due to the study’s exploratory nature. This limits the ro-
bustness of the findings and increases susceptibility to
outliers, necessitating cautious interpretation of the re-
sults. To strengthen the reliability and generalizability
of the findings, future research should incorporate larger
datasets. Additionally, further experiments should be con-
ducted across diverse real-world settings to better capture
variability in CCSC applications.

Marginal discrepancies between NFC performance in con-
trolled environments and RFID performance in uncon-
trolled environments highlight the need for further stud-
ies to compare RFID and NFC under the same conditions,
whether in a controlled, uncontrolled, or both environ-
ments.



Furthermore, the involvement of key stakeholders across
Circular Construction Supply Chains (CCSCs) is critical
for validating the practical applicability of these technolo-
gies. Conducting field studies in collaboration with indus-
try actors — such as demolition contractors, material re-
sellers, and reuse-focused designers — will provide valu-
able insights into real-world challenges, enabling the opti-
mization of data carriers for broader implementation and
long-term reliability.

Conclusions

Following the previous study conducted by Byers et al.
(2024a) under controlled conditions, this study investi-
gated the usability, time, and errors of RFID, QR, and
DPM data carriers in a quasi-realistic CCSC setting. It ex-
plored two core research questions: (1) whether increasing
data carrier digitization (RFID and QR) improves reading
efficiency compared to DPM, and (2) how performance
differs under uncontrolled, real-world-like conditions.
The findings show that higher data carrier digitization led
to improved reading efficiency. In this study, RFID did
not outperform QR. This result was likely due to usability
challenges and environmental factors, in addition to un-
controlled conditions that influenced system performance.
RFID in Study 2 showed lower performance than NFC in
Study 1, which highlights the need for further research
comparing both technologies under matched conditions
and evaluating real-world CCSC applicability. These re-
sults point to the promising potential of digital data car-
riers, while also underscoring the importance of context-
aware implementation.

As an exploratory study, this work provides an important
first step toward understanding the real-world performance
of RFID in CCSCs. While the sample size and differing
experimental designs limit direct statistical comparisons
between studies, the observed trends offer valuable early
insights that can inform larger-scale investigations. While
the two studies used different experimental designs — with
the study by Byers et al. (2024a) conducted under con-
trolled conditions — direct comparison of absolute values
is limited; however, their relative performance differences
remain indicative. To our knowledge, this is the first exper-
imental evaluation of RFID in a quasi-realistic CCSC con-
text. The observed performance patterns suggest that as-
sumptions about RFID’s efficiency must be tested against
its intended use in practical environments, reinforcing the
need for further validation of its operational potential.
The contribution of this study lies in its empirical compar-
ison of RFID, QR, and DPM in a quasi-realistic CCSC set-
ting and the practical considerations for future implemen-
tations that resulted. More broadly, the study underscores
the necessity of testing track-and-trace solutions in envi-
ronments that reflect their intended applications. This step
ensures that deployment decisions are informed by real-
world constraints. Although the current findings are pre-
liminary, they provide a strong foundation for advancing
data carrier technologies in circular construction. Building

upon these results can enable broader adoption and support
the scalability of data-driven reuse within the architecture,
engineering, and construction industry.

To fully explore the potential of RFID and other technolo-
gies in CCSCs, future research should pursue larger-scale
studies, direct comparisons between RFID and NFC, trials
in varied CCSC environments, and iterative testing over
time. These early findings highlight a promising path for-
ward for identifying effective, scalable solutions for mate-
rial tracking and tracing in circular construction practices.
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