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Abstract

[Objective/Significance] To investigate the factors influencing scientific data
value-added and reveal the intrinsic development patterns of scientific data
value-added. [Method/Process] Based on expert interview materials and lit-
erature related to scientific data value-added, the grounded theory method was
employed to develop a theoretical model of the influencing factors for scientific
data value-added. On this basis, a system dynamics model for scientific data
value-added was constructed to conduct dynamic simulation and analysis of the
scientific data value-added process, revealing the functional relationships of var-
ious influencing factors on scientific data value-added. [Results/Conclusions] In
the process of scientific data value-added, raw data quality serves as a prereq-
uisite, the level of data deposit has a significant impact, data organization and
integration are crucial for value-added formation, and scientific data sharing
and development are essential for value-added realization.
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Abstract:

[Purpose/Significance] This study explores the influencing factors of scientific
data value appreciation and reveals the inherent developmental laws governing
this process. [Method/Process| Based on expert interview data and literature
related to scientific data value appreciation, we employed grounded theory to de-
velop a theoretical model of influencing factors. Building upon this foundation,
we established a system dynamics model to dynamically simulate and analyze
the value appreciation process, thereby elucidating the relationships between
various factors and scientific data value appreciation. [Results/Conclusions]
The findings indicate that raw data quality serves as a prerequisite for value
appreciation, data storage and deposit levels exert significant influence, data or-
ganization and integration constitute the key to value formation, and scientific
data sharing and development represent the critical pathway for value realiza-
tion.

Keywords: scientific data; value appreciation; influencing factors; system dy-
namics simulation; data elements; FAIR

1 Introduction

In the context of data-intensive research paradigms, scientific data has become
a crucial foundation for driving scientific progress and knowledge innovation,
gradually emerging as a new strategic high ground for national scientific and
technological competition. To enhance scientific data openness, numerous coun-
tries and regions have formulated various policies, regulations, and guidelines.
For instance, the U.S. Office of Science and Technology Policy issued the “Memo-
randum on Promoting Access to Scientific Research Results,”while the European
Union released the “Directive on Open Data and Reuse of Public Sector Informa-
tion.” These policies mandate that scientific data generated from public funding
should follow the principle of “open by default, closed by exception.” The “Opin-
ions on Improving the Mechanism and System for Market-oriented Allocation
of Data Elements” issued by the Central Committee of the Communist Party
of China and the State Council further explicitly proposed accelerating the cul-
tivation of data element markets and enhancing the value of data resources,
providing direction for mining the value of scientific data and promoting the
development of open science movements.

To advance standardized management of scientific data and thereby improve its
application value, the international community proposed the FAIR (Findable,
Accessible, Interoperable, and Reusable) principles draft at the academic confer-
ence held in Leiden, Netherlands, in 2014. Since their introduction, the FAIR
principles have gained widespread international recognition, with many coun-
tries and organizations applying them to scientific data open sharing practices
to promote quality improvement. From the perspective of data organization and
processing, PETR et al. argued that the discoverability and metadata quality
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of big data influence its value, while others proposed that big data value stems
from its embedded knowledge associations, with the core lying in characterizing
these associations.

In terms of infrastructure, comprehensive scientific data platforms have been
established, including the Open Science Center, Australia’s Research Data Shar-
ing Infrastructure, the European Open Science Cloud, and China’ s disciplinary
data sharing infrastructure, which has formed 20 national scientific data cen-
ters. These platforms provide strong support for realizing scientific data value.
Regarding scientific data management services, many foreign universities have
established centralized Research Data Management (RDM) services to support
researchers. The University of Cambridge’ s Data Champions program pro-
motes good data management practices by establishing local data champions in
departments or colleges.

Current domestic and international scientific data open sharing practices primar-
ily focus on policy formulation, platform construction, and data management
services. These practices have expanded the scale of scientific data openness and
enhanced its application value, effectively promoting value realization. However,
overall, scientific data management commonly exhibits phenomena of “emphasiz-
ing quantity over quality” and “emphasizing openness over value appreciation,”
facing increasingly severe challenges in scientific data reuse that seriously af-
fect the role of scientific data as a production element and its value realization.
Scientific data value appreciation runs through the entire process of scientific
data open sharing. At this juncture of developing scientific data open sharing
practices, exploring the core issue of scientific data value appreciation is timely
and necessary.

2 Related Research

Existing research on data value primarily addresses data value formation or
realization. From an economic perspective, Li Haijian et al. argued that data
quality and timeliness affect data value formation. From a technical perspec-
tive, JOAO believed that using cloud computing and other open technologies
to process data can enhance open data value. Regarding the realization of data
element value, Ma Feicheng et al. considered data collection as the source, data
organization as an important link for value realization, data circulation as the
key, and data utilization as the “last mile.” Xia Yikun et al., focusing on data el-
ements, subjects, and environment, explored influencing factors of data element
value and proposed pathways for value enhancement.

Research on scientific data value has mainly focused on theoretical discussions of
value standards and realization strategies. Deng Jun et al. proposed principles
and standards for scientific data value appraisal. Gu Liping et al. presented a
theoretical framework for enhancing scientific data value from a library business
practice perspective. Sun Jianjun et al. suggested that the scientific big data
value chain should be oriented toward scientific big data resources and services.
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Feng Yuan, based on value co-creation theory, proposed a value co-creation
model for scientific data open sharing. Ren Ying et al. constructed a scientific
data value co-creation system, arguing that system interaction, environment,
culture, and technology jointly influence scientific data value co-creation.

Scientific data development and value realization have long been hot topics
in academia. However, most existing research explores scientific data value
realization from dimensions such as value subjects and environment. Scientific
data value appreciation represents an extension of value realization, involving
the entire lifecycle of scientific data. This study employs grounded theory to
identify influencing factors of scientific data value appreciation, comprehensively
analyzes its laws, and uses system dynamics simulation to reveal the internal
mechanisms by simulating the effects of influencing factors.

3 Conceptual Framework
3.1 Conceptual Connotation of Scientific Data Value Appreciation

As a key element of open science, scientific data open sharing has become an in-
ternational consensus. The issue of scientific data value is fundamental to data
management. Existing literature reveals that Gu Liping et al. view data value
enhancement as transforming scientific data from disorder to order through stan-
dardized organization and management such as establishing knowledge associa-
tions, thereby revealing hidden information and creating greater research value.
Ren Fubing et al. propose that government open data value appreciation involves
further integrating data resources to form personalized value-added products or
services. The former emphasizes the data organization and management process,
while the latter highlights data resource development and utilization.

In the current context of scientific data open sharing, value appreciation should
focus on the entire lifecycle of scientific data. Scientific data value appreciation
refers to the process where relevant stakeholders, through management means
and data processing technologies, enhance the value effect of scientific data or
generate value-added data products and services during the entire lifecycle from
generation to development and utilization, thereby stimulating the potential
value of scientific data.

3.2 Path Analysis of Scientific Data Value Appreciation

Scient data value appreciation is not merely a simple superposition of vari-
ous data management activities but rather involves close collaboration among
stakeholders to promote resource sharing, circulation, and innovative integra-
tion, thereby achieving value appreciation. Drawing on information value chain
theory, the path of scientific data value appreciation can be analyzed as follows:

In the scientific data generation stage, researchers or research teams produce
raw scientific data. The quality of raw scientific data forms the foundation for
subsequent management and development. In the scientific data organization
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and integration stage, raw scientific data or institutionally aggregated data are
further submitted to scientific data centers or publishing platforms. Profession-
als conduct quality reviews, perform standardized processing on approved data,
assign high-quality metadata, establish knowledge associations, and then make
the data publicly available. This stage significantly enhances data value.

In the scientific data development stage, after scientific data are opened for
sharing, more social institutions and organizations can participate in innova-
tive integration. Data research and development institutions can use intelligent
means to conduct secondary development of scientific data according to user
needs, forming value-added data products or services. Data operation institu-
tions can create personalized scientific data services and derivatives based on
market demand. As scientific data flow from raw scientific data to centrally
stored data, to publicly available data, and finally to value-added scientific data
and services, the value form of scientific data achieves a transformation from
low value to high value.

[Figure 1: see original paper] The path of adding value of scientific data

4 Identification of Influencing Factors
4.1 Research Method

This study adopts grounded theory, a rigorous qualitative research method suit-
able for constructing theoretical models from complex qualitative materials. Un-
like quantitative research, grounded theory proceeds directly from data, gradu-
ally abstracting and inducing theory through a bottom-up process. The study
collected comprehensive materials on scientific data value appreciation through
literature collection and expert interviews.

4.2 Data Collection

4.2.1 Interview Data Collection To avoid potential issues in interviews,
we followed the normative interview framework proposed by MYERS et al. To
ensure the interview outline was unambiguous and easily understood, we con-
ducted pilot interviews to optimize the wording and address emerging issues.
The final interview outline primarily included: (1) What are the main ap-
proaches for generating/collecting research data, and what difficulties are en-
countered? (2) Are you willing to open and share scientific data by submitting
to data centers or data journals? (3) What are the key links in the scientific
data processing and organization process, and what factors affect data value
appreciation? (4) What factors may influence scientific data value appreciation
during the open utilization process?

Before interviews, researchers explained the purpose and theme to participants,
made confidentiality commitments, and obtained consent for recording. Accord-
ing to participants’ data roles and specific contexts, question expressions were
appropriately adjusted. Interview work was concentrated in October-November
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2022, selecting 13 researchers with scientific data generation and utilization
experience and 5 staff members from a provincial scientific data resource coor-
dination center. A total of over 30,000 words of interview text were collected.
With participants’ consent, recordings were transcribed. Thirteen interview
texts were randomly selected for coding analysis, with the remaining 5 reserved
for saturation testing.

4.2.2 Literature Data Collection From August to December 2022, rele-
vant literature was retrieved from CNKI and Web of Science Core Collection.
Since direct research results on scientific data value appreciation influencing fac-
tors are scarce, lacking mature models for direct adoption, this study employed
grounded theory to identify influencing factors. Forty-two relevant documents
were obtained, with 35 randomly selected for coding and the remainder reserved
for saturation testing.

4.3 Factor Identification

Open Coding: The obtained sample materials were repeatedly analyzed to
familiarize with content. Sample materials were analyzed individually to form
entry data, completing initial coding. The coding team, combining research
themes and through repeated discussion, merged and streamlined initial entries
based on principles such as relevance to scientific data value appreciation and
distinguishability between entries, ultimately forming 76 entries. Coders were
divided into Groups A and B, who independently categorized and named entries.
After repeated discussion, 20 categories were formed by merging concepts with
identical, similar, or interconnected meanings into the same category. Due to
space limitations, partial open coding processes are shown in Table 1.

Some of the open coding processes

Axial Coding: By analyzing the content of initial categories, mutually inde-
pendent categories were connected to develop deeper main categories. Based on
path analysis of scientific data value appreciation and combining open coding
results, the 20 categories were ultimately summarized into 7 main categories.

Selective Coding: The main categories obtained from axial coding were sys-
tematically analyzed to select overarching core categories and deeply explore
connections between core and other categories. Following this approach, a the-
oretical framework reflecting the essence of the research phenomenon was con-
structed. Through comparative analysis of the 6 main categories, “scientific
data value appreciation” was determined as the core category.

Saturation Testing: Theoretical saturation is a subjective concept without
objective measurement indicators. This study used the reserved 5 interview
texts and 7 theoretical documents for concept testing. No new concepts or
theoretical connotations emerged, with reserved content basically covered by the
previous 20 concepts. This indicates that the interview results and theoretical
formation have reached saturation.
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To verify the appropriateness of the categorization, this study employed the
reverse classification method. Three graduate students not involved in the re-
search were asked to classify the 76 entries into corresponding categories after
understanding the main categories. Results showed that entries unanimously
classified by all three judges into expected categories accounted for the major-
ity, with 7 entries classified consistently by two judges and 0 entries completely
inconsistent. After discussion, the main reason for inconsistent classification
was the questionable distinguishability between “digital intelligence technology
application ability” and “data processing ability.” Since the content of “digital
intelligence technology application ability” was already reflected in “data devel-
opment ability,” this main category and corresponding categories were deleted,
ultimately yielding 6 main categories and 19 categories.

Three previous interviewees were randomly selected to verify the J3/& of influenc-
ing factors they described, and all could correctly correspond. Through reverse
regression and feedback verification, the grounded theory results demonstrated
certain credibility. The final influencing factors of scientific data value appreci-
ation are shown in Table 2.

Influencing factors of scientific data value appreciation

5 System Dynamics Simulation
5.1 System Boundary Determination

Clear system boundaries are crucial for system dynamics modeling. This study
takes the scientific data value appreciation process as the research object, fo-
cusing on relevant influencing factors. The influencing factors are divided into
system boundaries, including six subsystems: raw data quality factors, data stor-
age and deposit factors, data organization and integration factors, data sharing
and development factors, funding guarantee factors, and data policy and super-
vision factors. Complex dynamic causal relationships exist among factors within
each subsystem, with data storage and deposit factors significantly influenced
by data deposit willingness. Therefore, perceived achievement related to data
deposit willingness is included in this subsystem.

5.2 Causal Feedback Relationship Analysis

This study depicts the dynamic process of scientific data value appreciation
and its relationships with influencing factors through causal feedback loop dia-
grams. Using the Vensim PLE tool, feedback loops of the scientific data value
appreciation process were obtained, as detailed in Table 3.

Feedback loop of value-added scientific data

The causal relationship diagram reveals that scientific data value appreciation
is not a simple linear process but involves multiple feedback loops. These loops
demonstrate that improvements in data storage, organization, sharing, and de-
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velopment can enhance value appreciation, which in turn positively influences
funding guarantees and policy supervision, creating a virtuous cycle.

[Figure 2: see original paper| Causal diagram of the influencing factors of scien-
tific data value appreciation

5.3 System Flow Diagram

5.3.1 System Flow Diagram Construction Based on the causal relation-
ships of scientific data value appreciation influencing factors, this study used
the Vensim PLE tool to draw the system flow diagram, as shown in Figure 3.
The diagram reflects the interaction patterns among four types of variables and
reveals the relationships between various elements in the scientific data value
appreciation process.

[Figure 3: see original paper| Flow diagram of the value-added system of scien-
tific data

The system flow diagram includes 6 level variables, 6 rate variables, and 36
variables total. Specific variables and their meanings are shown in Table 4.

Variable names and types

5.3.2 Basic Assumptions To facilitate simulation, basic assumptions are
proposed for the system dynamics model:

1. The scientific data value appreciation influencing factor system is a closed
system with frequent interaction and feedback among subsystems, without
considering external factors.

2. Raw data quality, data organization, and integration factors will change
with accumulated practice.

3. The constructed system dynamics model has universality, capable of quan-
tifying scientific data value appreciation levels.

4. System collapse caused by abnormal situations or emergencies such as
major natural disasters or policy changes is not considered.

5.3.3 Simulation Equations and Parameter Settings The premise for
running the scientific data value appreciation system model is setting relevant
constants and initial values. Drawing on methods from scholars such as Gao Xi-
aoning and Yuan Hong, this study uses a questionnaire survey to obtain weights
for equations and some variable initial values. The questionnaire employs a 10-
point Likert scale, with 1-10 representing “strongly disagree”to “strongly agree.”
Survey participants were the 18 interviewees selected earlier. Questionnaires
were distributed via QQ email with a 7-day recovery period and 100% recovery
rate.

By organizing scores from each questionnaire and using the Analytic Hierarchy
Process software YAAHP to calculate results, factor weights and overall con-
sistency test results were obtained. The arithmetic mean method was used to
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process the 18 experts’ scores, with consistency test indicator CR < 0.1, meeting
research requirements. Final weights for influencing factors in each subsystem
were obtained.

Main variable equations in the model include:

Scientific data value appreciation level = Raw data quality level x 0.25 + Data
storage and deposit level x 0.13 + Data organization and integration level x
0.2 4+ Data sharing and development level x 0.14 4+ Funding guarantee level X
0.16 4+ Data policy and supervision level x 0.12

Raw data quality level = INTEG (Raw data quality level change amount) Raw
data quality level change amount = SMOOTHI (0.2 + Researcher data literacy
x 0.45 + Data software and hardware facilities x 0.3 4 Institutional data service
quality x 0.05)

Data storage and deposit level = INTEG (Data storage and deposit level change
amount) Data storage and deposit level change amount = SMOOTHI (0.3 +
Data deposit willingness x 0.25 4+ Data storage and maintenance mechanism
x 0.2 + Data review mechanism x 0.1 4+ Funding guarantee level x 0.05 +
Scientific data value appreciation level x 0.1)

5.4 Model Simulation and Analysis

5.4.1 Model Validity Testing To ensure model validity and smooth dy-
namic simulation, this study conducted validity testing on the scientific data
value appreciation system dynamics model. The initial state of scientific data
value appreciation level change was selected as the observation indicator. Us-
ing Vensim PLE for simulation, the time period was set to 12 months with a
step size of 1 month, as scientific data value appreciation requires continuous
promotion under various factors rather than being achieved overnight.

The change trend of scientific data value appreciation level is shown in Figure 4.
The level maintained low growth in the early stage, but from the 8th month, the
trend shifted from gradual to rapid increase. This means that if optimization
is implemented across the six dimensions of raw data quality, data storage and
deposit, data organization and integration, data sharing and development, data
policy and supervision, and funding guarantee, the optimization effects will
become apparent by the 8th month. This aligns with the actual operation of
renowned scientific data centers such as China’ s National Scientific Data Center
and the European Open Science Data Center, where value appreciation mainly
manifests in data scale and application value, and these activities require time
to optimize.

[Figure 4: see original paper| Effectiveness analysis of the system dynamics
model

The six influencing factors all positively affect scientific data value levels, with
raw data quality having the greatest impact, followed by data sharing and de-
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velopment, and data storage and deposit. Data policy and supervision, data
organization and integration, and funding guarantee also play positive roles as
auxiliary support factors. The time lag before significant effects appear corre-
sponds to the initially low value appreciation level. As process systems mature
and policy frameworks improve, scientific data value appreciation efficiency be-
comes significant, creating a virtuous cycle.

5.4.2 Scenario Analysis This study conducted sensitivity analysis by chang-
ing six main parameters: raw data quality, data storage and deposit, data
organization and integration, data sharing and development, data policy and
supervision, and funding guarantee. Each parameter was set to increase by 20%
while keeping other variables constant, simulating the change trend of scien-
tific data value appreciation level under identical variation amounts to compare
influence degrees.

The effect of each influencing factor on scientific data value level is shown in
Figure 5. Raw data quality shows the most significant impact, with its influence
proportion gradually decreasing as simulation time progresses.

[Figure 5: see original paper] The effect of each influencing factor on the value
level of scientific data

Raw Data Quality Factors: In the raw data quality subsystem, researcher
data literacy has the most significant impact, followed by data software and
hardware facilities and institutional data service quality. As researcher data
literacy improves and data sharing willingness increases, raw data quality is
significantly enhanced. Figure 6 shows that enhancing researcher data literacy,
improving institutional data service quality, and upgrading data software and
hardware facilities can substantially improve raw data quality.

[Figure 6: see original paper| Trends of key factors in the raw data quality
subsystem

Data Storage and Deposit Factors: In the data storage and deposit sub-
system, data deposit willingness has the most obvious impact, followed by data
review mechanisms and data storage and maintenance mechanisms. However,
since enhancing researcher data deposit willingness and implementing storage
mechanisms require an accumulation process, data storage level does not change
significantly in the early stage. From the 8th month, as researcher willingness
and related mechanisms mature, data storage and deposit level growth rate
continuously increases (Figure 7).

[Figure 7: see original paper| Trends of key factors in the data storage subsystem

Data Organization and Integration Factors: In the data organization and
integration subsystem, metadata quality demonstrates more significant positive
promotion effects than data processing capacity and data integration capacity.
As simulation time progresses, with cumulative enhancement of metadata qual-
ity and processing capabilities, scientific data organization and integration level
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grows rapidly from the 7th month (Figure 8).

[Figure 8: see original paper] Influencing trend of key factors in data sharing
and development subsystem

Data Sharing and Development Factors: In the data sharing and devel-
opment subsystem, data openness scale, data sharing platform quality, data
development capacity, and data sharing service capacity all positively affect
value appreciation, with data openness scale having the greatest impact. Data
openness risk exerts reverse inhibition—higher risk leads to lower sharing and
development levels. Figure 9 shows that factors are not significant in the first
8 months but become gradually apparent afterward, as these influences require
accumulation time.

[Figure 9: see original paper] Trends of key factors in the data sharing and
development subsystem

Data Policy and Supervision Factors: In the policy and supervision sub-
system, key factors ranked by influence degree are data policy perfection, data
evaluation and incentive mechanisms, and data supervision mechanisms. Data
policy perfection has the most significant impact on data policy and supervision
levels (Figure 10).

[Figure 10: see original paper| Influencing trend of key factors in the policy and
regulatory subsystem

Funding Guarantee Factors: In the funding guarantee subsystem, fiscal
support has faster effects, while data value appreciation revenue growth requires
development accumulation. However, data value appreciation revenue is more
sustainable (Figure 11).

[Figure 11: see original paper] The influencing trend of key factors in the fund
guarantee subsystem

6 Conclusions and Discussion

After collecting comprehensive materials on scientific data value appreciation
through literature review and expert interviews, this study employed grounded
theory to inductively derive a theoretical model of influencing factors. System
dynamics simulation was then conducted, yielding the following conclusions:

1. Raw data quality is the prerequisite for scientific data value ap-
preciation. In the raw data quality subsystem, researcher data literacy
has the most significant impact. Enhancing researchers’ data collection,
processing, analysis capabilities, and data ethics awareness can improve
raw data quality.

2. Data storage and deposit level significantly influences scientific
data value appreciation. When researchers’ perceived effort and per-
ceived risk of data deposit decrease, accompanied by scientific data sharing
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policy pressure, deposit willingness increases, significantly improving the
scale effect of data storage and deposit.

3. Scientific data organization and integration is key to value forma-
tion. Metadata quality has the most significant impact on organization
and integration levels. High-quality metadata facilitates scientific data
organization and integration.

4. Scientific data sharing and development is key to value realiza-
tion. As the final step in value appreciation, data openness scale, sharing
platform quality, and development capacity all positively promote sharing
and development levels.

This study comprehensively and dynamically analyzed the scientific data value
appreciation process using system dynamics, considering interactions among re-
lated factors and avoiding the limitation of empirical data measurement in exist-
ing research. The findings provide clear optimization targets for open scientific
data governance practices. Although this study collected rich qualitative data
through expert surveys and literature review, scientific data practices evolve
rapidly with hardware and software environments. Future research should con-
tinuously track influencing factors using diversified methods to further validate
and refine the conclusions.

7 Implications

Based on simulation results, this study proposes the following strategic implica-
tions for scientific data value appreciation:

Cultivate Data Literacy and Improve Data Environment: Researcher
data literacy significantly affects raw scientific data quality. Data literacy edu-
cation should cover the entire scientific data lifecycle, from generation to orga-
nization and utilization. Universities and libraries should serve as main venues
for data literacy education, offering general and discipline-specific data literacy
education through various convenient and efficient forms such as online consul-
tations and free tools for metadata editing.

Improve Data Infrastructure: Scientific data infrastructure is crucial for
value appreciation. Efforts should focus on improving scientific data platforms,
enriching data processing functions, and following FAIR principles to ensure
standardization, interoperability, and scalability.

Focus on Metadata Quality and Data Integration: Metadata quality is
the foundation for scientific data organization and integration. Scientific data
with high-quality metadata is more easily organized and utilized. Current meta-
data standards are often limited to specific research stages and lack universal
standards. There is a need to plan scientific data metadata standards reasonably
based on core metadata and disciplinary characteristics to meet open sharing
and cross-domain interoperability requirements.
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Expand Open Scale and Optimize Development Capacity: Scientific
data management institutions should expand data openness scale, making more
data discoverable and accessible. On this basis, they should optimize scientific
data development services, build integrated platforms with openness and intelli-
gence functions, and actively explore and cultivate mutually beneficial symbiotic
models among stakeholders.

Explore Market-oriented Models: Under the premise of ensuring national
data security and intellectual property rights, scientific data products and value-
added services should be explored using emerging digital technologies such as
cloud computing and artificial intelligence. Market-oriented models should be
developed to align with the new trend of scientific data participating in market
distribution as a production element. Regional pilot programs, such as in the
Yangtze River Delta region, could integrate scientific data resources, build inte-
grated platforms, and attract institutions and the public to participate in data
product development through supporting incentive policies.
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