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Abstract

Numerous theoretical and empirical studies have claimed that project-based learning (PBL) exerts a positive impact
on student development. This study explores the development and changes of students across project-based
learning units by qualitative research methods. We followed a student group (1 boy and 3 girls) from one class in
grade 9 over 3 time points within 1 school year. Classroom observation, focus group student interviews and artifact
collection were used to collect data at the end of three units over time.
Qualitative research methods were employed for data analysis to determine what competencies students
demonstrate and how these competencies changed during 3 units. The results revealed that this student group
demonstrated both cognitive (e.g., understanding of core ideas, use of scientific practices, problem solving and
creativity) and non-cognitive competencies (e.g., motivation to learn chemistry, collaboration, environmental
awareness and perseverance). Three competencies (understanding of core ideas, motivation to learn chemistry, and
collaboration) were shown in all three units, and these three competencies gradually improved as the units
progressed. The across project-based learning units showed a promising effect on student development. This study
concludes with a discussion of challenges and promises for using across project-based learning units to support
student development.
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Introduction
Students in the twenty-first century live in an interre-
lated, diversified and rapidly changing world. Economic,
social, cultural, digital, demographic, environmental and
epidemiological forces shape young people’s lives, and
young people face unprecedented opportunities and
challenges (OECD, 2019). This generation should be
equipped with scientific literacy and some necessary
skills to cope with these challenges. To adapt our chil-
dren to the life of the global community in the twenty-
first century, we should substantially alter our way of
education for students (Sawyer, 2014). Project-based

learning cultivates students’ curiosity and builds an un-
derstanding of core ideas in science, enabling students
to solve problems and become responsible citizens with
scientific literacy (Krajcik & Czerniak, 2018).
Students’ meaningful understanding is built over time,

therefore, it will take time to provide many opportunities
for students to learn disciplinary core ideas, crosscutting
concepts, science and engineering practices (National
Research Council, 2012). Researchers suggested that a
longer duration of experience in PBL helps foster students’
cognitive competencies (such as knowledge and skill) and
non-cognitive competencies (such as motivation and inter-
est of learning science) (Bhuyan et al., 2020; Jenkins, 2017).
Several studies have shown the value of using units that
develop across time by building upon previous understand-
ing and experiences (Krajcik et al., 2008; Roseman et al.,
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2008). However, just a few studies (Fortus et al., 2015;
Margel et al., 2008; Shin et al., 2019) have demonstrated
the value of using coherent curriculum materials across
grades. Shin et al. (2019) proved that students who experi-
ence a coherent PBL curriculum build a deeper under-
standing of atomic structure over time, particularly in
high- and middle-performing schools. More studies need
to be conducted on the long-term impacts on students
when they are immersed in the PBL approach (Jenkins,
2017).
In China, under the pressures of senior high school

entrance examinations and college entrance examinations,
very few schools implement multiple PBL units in one
semester. In 2018, Beijing Huai Rou Number 1 Middle
School and our team set up a “Project-based Learning
Program (PBLP)” using project-based learning instead of
traditional chemical teaching in 9th grade, which is a
milestone for China’s project-based learning. In this
program, we continued to focus on the students’
development across project-based learning units.
PBL increases the development of both learners’

knowledge and skills (Krajcik & Czerniak, 2018; Barak &
Raz, 2000; Hasni et al., 2016). Artifacts show what
students have learned (Krajcik & Blumenfeld, 2006;
Krajcik & Shin, 2014), and teachers can use artifacts to
know how students’ understanding develops across
various units in PBL (Krajcik & Shin, 2014). However, in
most cases, the artifacts were assessed limited to the
artifacts themselves, such as product design and product
quality (Chua et al., 2014; Torres et al., 2019), rather than
the development of students’ key competencies. It is
unclear what competencies students demonstrate as they
develop artifacts in a PBL environment. By tracking the
learning process of one student group in different units,
this study attempted to identify the competencies that
students demonstrate across the units as well as the
competencies levels in PBL.

Literature review
The impact of PBL on students
Project-based learning is more effective than traditional
learning approaches in science education (Ayaz &
Söylemez, 2015). Scholars believe that PBL promotes the
development of students’ multi-dimensional competen-
cies, including cognitive dimension, emotional attitude
dimension and social skills (Barak & Raz, 2000; Hasni
et al., 2016).

PBL promotes the development of students’ cognitive
dimension
Scholars are particularly interested in the development of
students’ cognitive dimension in PBL. On the one hand,
researchers believe that PBL can help students develop a
meaningful understanding of disciplinary core ideas and

improve their academic performance (Santyasa et al.,
2020; Harris et al., 2015; Rivet & Krajcik, 2004; Geier
et al., 2008; Marx et al., 2004; Williams & Linn, 2003).
Moreover, PBL can promote the development of higher-
order competencies related to students’ science learning,
such as problem solving (Hong et al., 2012; Kokotsaki
et al., 2016; Mettas & Constantinou, 2008), problem rais-
ing (Irit et al., 2018), argumentation (Hsu et al., 2016), crit-
ical thinking (Holmes & Hwang, 2016; Irit et al., 2018),
creativity (Hanif et al., 2019; Storer, 2018), and collabora-
tive problem solving (Lavonen et al., 2002).

Disciplinary core ideas
Disciplinary core ideas, also known as big ideas, are es-
sential ideas of a discipline, which can be used to explain
many phenomena, and as tools to explore more complex
phenomena and solve problems, they are also the cor-
nerstones for in-depth study of a discipline (Stevens
et al., 2009). Students participated in the project-based
science curriculum outperformed those in the compari-
son curriculum in understanding disciplinary core ideas
in science (Harris et al., 2015; Hong et al., 2012). Stu-
dents engaged in PBL units understood the concepts
deeply, but these results are unlikely to be captured in
the standardized tests used to measure science achieve-
ment (Prince & Felder, 2006). Assessment in a project-
based learning classroom is a continuous process that is
embedded in instruction (Krajcik & Czerniak, 2018).
Zhao et al. (2019) developed a framework to evaluate
students’ understanding of core ideas in chemistry ac-
cording to their performance of presentation for artifacts
in a project-based class. The study found that, students
established understanding of the conception (such as
“combustion”) in a unit, but it is difficult to establish un-
derstanding of the big idea (such as “chemical change”).
Establishing understanding of big ideas may require
multiple units.

PBL promotes the development of students’ emotional
dimension
For the development of the emotional dimension,
researchers have also conducted many empirical studies
in PBL. For example, PBL can improve students’
motivation (Filippatou & Kaldi, 2010; Holmes & Hwang,
2016), interest and engagement in learning (Bencze &
Bowen, 2009; Hugerat et al., 2004; Hung et al., 2012;
Vaino et al., 2012), enhance students’ learning attitude
(Kanter & Konstantopoulos, 2010; Toolin, 2004),
improve their self-efficacy (Clark, 2014), self-esteem
(Cook et al., 2012; Kilinc, 2010), and develop their
attitude and enthusiasm for science (Barak, 2004; Tseng
et al., 2013).
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Motivation
Motivation is an activation and intention that drives and
maintains a person’s action, and makes the action achieve
a certain goal. People can be motivated by different types
of factors (Ryan & Deci, 2000). Several factors contribute
to a learner’s motivation, including self-efficacy, intra-
personal attribution, and anxiety (Holmes & Hwang,
2016). Improving students’ motivation for scientific learn-
ing, stimulating students’ interest, and increasing learning
engagement are important aspects of education. In
project-based learning, benefit of the high degree of
personal participation of children, students will have
strong autonomy in exploring issues related to daily life
(Baines et al., 2017; Condliffe et al., 2017). Moreover,
engaging in science and engineering are useful for
stimulating students’ curiosity, attracting their interest and
motivating them to pursue learning (National Research
Council, 2012).
Carrabba and Farmer (2018) found significant differ-

ences in students’ motivation levels before and after PBL
and direct instruction. Increasing student intrinsic motiv-
ation and engagement in the classroom is addressed
through autonomy, competence, relatedness, and
relevance (Sackstein, 2017). Ostroff (2016) stated that mo-
tivation comes from the genuine curiosity that is part of
every human’s consciousness. Bi (2019) developed a
inventory of chemistry learning motivation based on self-
determination theory, and classified motivation into 6
levels according to the classical taxonomy of educational
objectives in the affective domain (Bloom et al., 1964). Bi
found that (a) PBL can improve students’ motivation to
learn chemistry, different types of units have different
effects on students’ motivation, and (b) students’ motiv-
ation to learn chemistry increased more after teachers’
teaching practice been improved.

PBL promotes the development of students’ social skills
PBL has also been found to develop students’ social skills,
strengthen group collaboration and improve students’
interpersonal skills (Williams & Simon, 2017; Xu & Liu,
2010; Lee et al., 2015). When students successfully learn
how to better collaborate with one another, their intra-
group process and the intra-individual learning process
may be more effectively guided in acquiring knowledge
(Dawes & Sams, 2004; Littleton & Miell, 2004).

Collaboration
Collaboration is critical for twenty-first century, and it is
increasingly sought after in education (Bentley & Cazaly,
2015). Collaboration is a coordinated and synchronous ac-
tivity that is the result of a continued attempt to construct
and maintain a shared conception of a problem (Roschelle
& Teasley, 1995). In PBL environment, all members of the
groups will collaborate with each other. To promote

collaboration, teachers will help students develop
collaborative ability, supporting students in learning how
to discuss ideas with each other, use scientific evidence to
defend their ideas and work in small groups. Learners
develop their understanding of disciplinary core ideas by
sharing and discussing ideas with others (Blumenfeld
et al., 1996). Studies have shown that students benefit
from small-group learning (Slavin, 1996; Wenzel, 2000;
Williamson & Rowe, 2002). Students who work in collab-
orative groups with other students are more motivated
and successful than those who do not do this, especially in
reasoning and critical thinking skills (Wenzel, 2000).
Most previous studies have provided evidence that PBL

has positive effects on student development. There are
two main data sources for these empirical studies. One is
the pre- and post-test data of students, and the other is to
use techniques to collect data, such as questionnaires,
interviews, classroom observation, and student logs. Most
studies are quantitative research on the learning effect of
one unit through pre- and post-tests (Carrabba & Farmer,
2018; Filippatou & Kaldi, 2010; Harris et al., 2015; Tseng
et al., 2013; Xu & Liu, 2010). Some researchers have
conducted qualitative analysis on students’ performances
during a unit (Hong et al., 2012; Hanif et al., 2019;
Williams & Simon, 2017), while other studies have used
evaluation tools to track students’ performance in a 2 ~ 3
years PBL (Harris et al., 2019; Marx et al., 2004; Shin
et al., 2019). Little research has been done on continuous
qualitative studies of same students across different units
in PBL.

Conceptual framework
Definition and features of PBL
PBL is a form of situated learning that is based on con-
structivism research (Lave & Wenger, 1991). Students use
a collaborative approach to design solutions to real and
meaningful problems in the real world in order to acquire
knowledge and skills (Buck Institute for Education, 2008;
Gijbels et al., 2005; Petrosino, 2004). In project-based
science learning, students are engaged in real, meaningful
problems that are important to them and mirror what
scientists do. A project-based science classroom allows
students to explore phenomena, investigate questions,
discuss their ideas, engage in scientific practices, challenge
the ideas of others, try out new ideas, and construct and
revise models (Krajcik & Shin, 2014).
Project-based learning of PBLP meets the following six

key features (Blumenfeld et al., 1991; Krajcik et al., 1994;
Krajcik & Czerniak, 2013): (1) They start with a driving
question. (2) They focus on learning goals for which stu-
dents are required to demonstrate mastery on key science
standards and assessments. (3) Students explore the
driving question by participating in scientific practices. (4)
Students, teachers, and community members are engaged
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in collaborative activities to find solutions to the driving
question. (5) When engaged in science practices, students
are scaffolded with learning technologies that help them
participate in activities normally beyond their ability. (6)
Students create a set of tangible products that address the
driving question.

Analytical framework of students’ competencies
Understanding of core ideas
“The properties and transformation of substances” is one
of the important concept for students to learn in chemis-
try, and it is also a core idea of the Compulsory Education
Chemistry Course Standard(CECCS) in China (Ministry
of Education of People’s Republic of China, 2012). Under-
standing the idea of “The properties and transformation of
substances” specifically refers to knowing the main
physical and chemical properties of common substances
(e.g., carbon dioxide, common metals, acids and alkalies),
using these properties to achieve the separation, purifica-
tion and transformation of substances.
This research focuses on students’ understanding and

development of “the properties and transformation of
substances.” We ranked students’ understanding of this
core idea into six levels according to the taxonomy in the
cognitive domain (Bloom & Krathwohl, 1956) (See Table
A1 in the Additional file 1).

Motivation to learn chemistry
Krathwohl, Bloom and Masia’s taxonomy of educational
objectives in the affective domain is the classical theory in
the field of education (Gable & Wolf, 1993; Klopfer, 2010;
Laforgia, 2010). Bi’s motivation inventory has been verified
to have good reliability and validity, and this inventory
was specially developed for chemistry project-based learn-
ing (Bi, 2019). Based on Krathwohl, Bloom and Masia’s
taxonomy of educational objectives, and Bi’s chemistry
motivation inventory, we describe 5 levels of students’
motivation to learn chemistry (See Table A2 in the
Additional file 1).

Collaboration
Collaboration in PBL is not ordinary cooperation, ra-
ther, it is reflected in the process of solving problems.
The Assessment and Teaching of twenty-first Century
Skills (ATC21S) project (Griffin et al., 2012) defined
ways of measuring individual person skills in collab-
orative problem solving (CPS) and has been cited by
many studies in the field of education (Camacho-
Morles, Slemp, Oades, Morrish, & Scoular, 2019; Dieu
et al., 2018; Pöysä-Tarhonen et al., 2018). One of the
evaluation dimension of CPS is collaboration, which
is consistent with collaboration in PBL. We adopted
the description and level division of collaboration in
ATC21S’s CPS framework (Hesse et al., 2015), which

divides collaboration into 6 levels from lower to
higher (See Table A3 in the Additional file 1).

PBL curriculum in PBLP
At Beijing Huai Rou Number 1 Middle School, the
whole year chemistry curriculum in 9th grade was deliv-
ered through PBL, with all units following Project-Based
Teaching Experiment Textbook: Chemistry(PBTETC)
(Wang et al., 2018). There are 8 units in the textbook,
which were implemented in two semesters. Each unit fo-
cuses on learning goals of CECCS. For example, the
Low-Carbon Actions unit corresponds to the curriculum
standard of “Understanding the carbon cycle in nature,
combining examples to illustrate the properties and uses
of carbon dioxide, and learning how to make carbon
dioxide in the laboratory.”
A good driving question elicits a desire to learn in

students (Edelson, 2001), and it makes students realize
that there is an important problem that genuinely needs
to be solved (Reiser, 2004). As students pursue solutions
to the driving question, they develop integrated under-
standings of core scientific ideas (NRC, 2012). The design
of each unit starts with a real driving question. These
questions come from real life and can stimulate students’
motivation to learn chemistry. Each unit is broken down
into 3 core tasks based on driving question, and each
task contains 1 ~ 3 student activities. In each activity,
there are different columns to provide students with a
wealth of practical activities, such as “Independent
learning,” “Investigation,” “Group communication,”
“Experimental inquiry,” “Design and make” and
“Check progress” to guide students’ learning (a
screenshot of the textbook is shown in Fig. 1). Stu-
dents could create a set of artifacts in each unit, for
example, in unit 4, each student group developed a
poster of the “Low-Carbon Action Convention.”
In the textbook of PBTETC, three units focus on devel-

oping students’ understanding of the same core idea of
“the properties and transformation of substances”. These
three units set up tasks of different types and situations to
realize the progressive development of students’ under-
standing of ideas, motivation to learn chemistry and
collaboration. The theory of “situated learning” holds that,
when acquiring information in a meaningful environment
and connecting it with previous knowledge and experi-
ence, students can develop a connection between new
information and previous knowledge, thus forming
conceptual understanding (Blumenfeld et al., 1991; Krajcik
& Czerniak, 2013). Students need to transfer the previous
knowledge and experience when solving new problem.
Through the study of these three units, students can
achieve a gradual and in-depth understanding of concepts
of substances. The types of project tasks cover designing a
solution, analyzing production, designing and conducting
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investigation. The situation are from familiar and simple
to unfamiliar and complex. PBL helps students answer
questions about the world around them, thus stimu-
lating their curiosity and sense of engagement in
exploring what is happening (Krajcik & Czerniak,
2018). We used the frameworks in Tables A1 ~ A3 in
the Additional file 1 to code “project learning objec-
tives” in the textbook to determine the expected
development level in each unit (see Fig. 2). When
there were different levels of coding for the same
ability in the goal, we took the highest level. For
example, the objectives for unit 4 “Low Carbon
Action” are:

1. Able to illustrate the main properties and uses of
carbon dioxide with examples [UCI: Comprehension
(level 2)]. Understand the relationship between the
properties and uses of carbon dioxide and
understand the transformation of carbon dioxide
from the perspective of elements [UCI: Application
(level 3)].

2. Actively participate in chemistry learning,
understand the importance of implementing low-
carbon actions, and cultivate students’ civic aware-
ness [MLC: Responding (level 2)].

3. Actively participate in group collaboration, share
their views, collaborate to complete the group
low-carbon convention [COL: Collaboration con-
sciousness (level 3)], and be able to analyze and
explain the content of the convention based on

the knowledge of carbon dioxide [UCI: Analysis
(level 4)].

(UCI stands for understanding of core ideas; MLC
stands for motivation to learn chemistry; COL stands for
collaboration.)
In addition to the competencies of understanding core

ideas, motivation to learn chemistry and collaboration,
these three units let students solve problems through
chemical experiments, cultivate students’ scientific prac-
tice skills and problem-solving abilities. Based on the
existing research on the impact of PBL on students,
combined with the characteristics of these three units, in
this research, we focused on the following competencies:
understanding of core ideas, motivation to learn chemis-
try, collaboration, use of scientific practices, problem
solving, and creativity.

Aims of the study
In summary, previous research on PBL has mainly studied
the competencies of students in one or more aspects
(Tseng et al., 2013; Xu & Liu, 2010; Williams & Simon,
2017), but little research has been done on the compre-
hensive value of PBL. Some studies have explored the
changes in students’ performance over time (Harris et al.,
2019; Marx et al., 2004), but students’ specific perform-
ance in PBL is not clear. Existing qualitative analyses, with
relatively short time spans, cannot describe students’
development and changes across different units. We focus
on determining students’ competencies as they construct

Fig. 1 Screenshots of the PBTETC textbook
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artifacts in a PBL environment, tracking the learning
development of the same students in different units. The
detailed research questions are as follows:

RQ-1: What competencies do students demonstrate and
develop as they construct artifacts in a PBL environment?
RQ-2: How do these competencies develop across the
units?

Methods
As noted by Eisenhardt (1989) and Yin (2014), con-
structing a case study is an appropriate method when
there is not much known about a topic. As little research
has been done on the development of and changes in
the same students across units, it is more appropriate to
adopt the method of case study. To conduct this case
study, we used several data sources, including classroom
observation, student interviews and artifacts.
The presentation of artifacts is an important part of

PBL. When students introduce their work, they present all
kinds of knowledge, skills and attitudes they have
acquired, which provides a good opportunity for evalu-
ation (Krajcik & Czerniak 2018). At the end of each unit
in PBLP, every student group will display and report their
artifacts in class. At this time, experts and researchers go
to the class of Huairou No. 1 Middle School for one day
of research. In the morning, class observation was
conducted, and a video camera was used to record the
performance of students in class. In the afternoon, we in-
vited 4 students in the selected group for interviews. After
that, we communicated with the teacher of this class.

Participants
The participants in PBLP was a four-person student
group (1 boy and 3 girls) from a class (40 students) in
Beijing Huai Rou Number 1 Middle School, China, and
all of them were local. Students in this class went
directly to the school’s high school without taking
China’s Senior High School Entrance Examination after
graduating from 9th grade. Therefore, they did not have
the pressure of the senior high school entrance examin-
ation compared with other middle school students, and
they could spend more time in project-based learning.
Before 9th grade, they had not studied chemistry, and
the chemistry course of this class was taught by the
same teacher, Ms. Xu, a young female teacher without
any experience of project-based teaching.
We selected a four-person student group based on the

chemistry scores of the 9th grade entrance examination,
there was a significant difference of four students’ score
rank in this group. The average score rank of the group
was 4/8, mid-level in the class (there were 8 student
groups in this class). The information of this student
group is provided in Table 1. The four members of this
group were freely chosen by themselves, and they partic-
ipated in the eight project-based learning units during
the academic year.

Summary of chemistry curriculum in PBLP
Project-Based Teaching Experiment Textbook: Chemistry
was published in 2018 and has been adopted by more than
10 middle schools in Beijing, Hebei, Shandong and other
regions of China, earning extensive acclaims from teachers

Fig. 2 Conceptual framework
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