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Abstract 

The transition to a circular economy (CE) is central to achieving SDG 12, yet institutional 

transformation varies significantly across countries. This study conducts a comparative 

institutional analysis of CE transitions in China and Russia to quantify Russia’s institu-

tional lag and assess the maturity of both systems in the context of SDG indicator 12.5.1 

(Circular Material Use Rate—CMUR). Drawing on neo-institutional theory, multi-level 

governance, and institutional trap theory, we develop an original methodology that com-

putes institutional lag through three key milestones, an integrated maturity index across 

eight institutional components, and CMUR estimates based on official statistics, legisla-

tive acts (1998–2025), and industry reports. Our results show that Russia’s average insti-

tutional lag relative to China is 15.3 years: Russia’s 2024 municipal solid waste recycling 

rate (13.9%) matched China’s 2009–2010 level, while China achieved Russia’s 25% target 

for 2030 in 2018. The integrated maturity index is 8.25 for China versus 5.25 for Russia, 

with the largest gaps in industrial symbiosis, R&D and human capital, and international 

integration. Russia’s CMUR stands at 5–7%, compared to 25–30% in China. We also 

demonstrate that Russia’s high recycling growth is driven by a low-base effect and is not 

evidence of institutional efficiency; the compound annual growth rate (CAGR) of Russian 

recycling volume (33.0%) significantly exceeds China’s (13.1%), but this reflects the much 

lower starting point rather than systemic maturity. We conclude that without systemic 

institutional reforms—including eco-industrial parks, green finance, and competence cen-

tres—Russia will remain at an early CE stage, failing to substantially contribute to SDG 

12 by 2030. 
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1. Introduction 

The global environmental crisis, manifested in resource depletion, waste accumula-

tion, and ecosystem degradation, has unequivocally exposed the inadequacy of the linear 

economic model based on the "take–make–dispose" principle [1]. The concept of the cir-

cular economy has been extensively theorized as a response to the limitations of the linear 

model [2]. Recent scholarship has emphasized that CE transitions are not merely techno-

logical but require fundamental institutional change. In response, the circular economy 

(CE) paradigm has emerged, built on three core principles: closing material loops, mini-

mizing environmental impact, and fostering cross-sectoral beneficial linkages. The CE is 

increasingly recognized as a systemic mechanism for achieving the United Nations’ Sus-

tainable Development Goals (SDGs), particularly SDG 12 ("Responsible Consumption and 

Production"), and its associated targets—12.2 (sustainable management and efficient use 

of natural resources), 12.4 (environmentally sound management of chemicals and wastes 

throughout their lifecycle), and 12.5 (substantially reducing waste generation through 

prevention, reduction, recycling, and reuse) [3,4]. The Circular Material Use Rate (CMUR) 

serves as the direct indicator for target 12.5.1, measuring the share of recycled materials 

in overall material consumption [5]. 

Despite the global recognition of the CE as a strategic priority, the effectiveness of 

national transitions to circular practices exhibits significant variation, largely determined 

by the depth of institutional transformations. Formal norms (legislation, standards) and 

informal constraints (cultural traditions, behavioural patterns) crucially shape how rap-

idly and effectively a country can shift from a linear to a circular model [6,7]. Recent schol-

arship has thus shifted focus from technological aspects towards analyzing institutional 

trajectories, coordination mechanisms, and the capacity of national systems to overcome 

institutional traps that perpetuate resource-intensive practices [8,9]. 

For such analysis, the comparison of China and Russia is particularly instructive. 

Both are major economies with significant territorial and economic diversity, yet their in-

stitutional models of CE transition exhibit fundamental differences. China, which began 

systemic transformation in the early 2000s, has implemented a centralized coordination 

model with rigid vertical planning (five-year plans, coercive isomorphism) and actively 

integrates CE principles into industrial, innovation, and climate policy [10–12]. Russia, by 

contrast, commenced the formation of a coherent CE policy only in the late 2010s, com-

bining state regulation with market mechanisms and facing coordination deficits between 

federal and regional levels [13,14]. 

The current state of research reveals several important contributions that serve as a 

foundation for this study. Yang Yuyuan (2025), in a comparative analysis over 2015–2023, 

identified fundamental differences in institutional drivers: China demonstrates a central-

ized approach (government participation coefficient 0.74), whereas the Russian model is 

characterized by sectoral fragmentation (coherence index 0.42) [15]. Industrial waste re-

cycling efficiency reached 67.8% in China (annual growth 5.3%) versus 46.2% in Russia 

(growth 2.1%), with convergent trends identified in industrial symbiosis technologies 

(complementarity index 0.68) [15]. G.V. Viphanova et al. (2025), in a comparative legal 

study of national waste policies and legislation in Russia and China, examined the fea-

tures and priority areas of national policy implemented in both countries, analyzing stra-

tegic planning documents and the legislative framework for regulating waste manage-

ment [16]. This work demonstrated common trends and positive experiences of mutual 

borrowing of legal mechanisms aimed at achieving national goals of environmental well-

being [16]. However, Yang’s analysis remains largely qualitative, focusing on aggregate 

indicators without offering a reproducible metric for institutional comparison, while 

Viphanova’s study is confined to legal frameworks and does not quantify institutional 

maturity or its link to the CMUR. 
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Several studies have examined institutional barriers to CE transition in Russia. 

Erznkyan and Fontana (2023) identified key obstacles, including fragmentation of eco-

nomic actors, lack of business incentives, technology deficits, and institutional barriers 

[17]. Kalchenko et al. (2022) noted that formal institutional frameworks in Russia are in 

the active formation stage, yet their effectiveness remains low due to coordination deficits 

between government levels [18]. Research on Russian MSW management reveals systemic 

paradoxes: despite ambitious targets for secondary resource extraction, secondary re-

sources cannot compete with primary ones without mandatory requirements and subsi-

dies [19,20]. Consumer behaviour studies show that the main barriers to sustainable con-

sumption in Russia are the lack of appropriate infrastructure and lack of knowledge [21]. 

China’s CE policy framework has been extensively documented. The Circular Econ-

omy Promotion Law (2008) established the legal foundation [22], while the 14th Five-Year 

Plan for Circular Economy Development (2021–2025) set ambitious targets, including the 

establishment of a resource recycling system covering the entire society by 2025 [23]. The 

NDRC reported that by 2020, major resource productivity increased by about 26% com-

pared to 2015, and comprehensive utilization of crop straw reached over 86% [24]. China 

has developed over 200 national-level eco-industrial parks, demonstrating systematic in-

dustrial symbiosis [25,26]. Comparative studies of CE transitions in BRICS countries show 

that China stands out as the most advanced among BRICS nations in waste recycling, 

while other countries face coordination deficits and regulatory fragmentation [27,28]. The 

EU Circular Economy Platform (2023) noted that China invested in creating hundreds of 

eco-industrial parks and national competence centres, whereas in Russia, such structures 

remain embryonic [29]. 

Methodological approaches to measuring CE maturity vary considerably. Żurawski 

et al. (2021) presented a model for assessing organizational circular maturity [30]; the 

OECD developed a system of circular economy governance indicators covering 12 key 

dimensions [31]; and the European Commission (2018) established the CMUR methodol-

ogy as a key SDG 12.5.1 indicator [5]. However, most existing models focus on the micro 

level (individual enterprises) and are not adapted for cross-country comparisons of insti-

tutional maturity. Furthermore, existing studies either focus on the technological aspects 

of the CE or on general principles of sustainable development, without establishing a di-

rect connection between institutional conditions and the achievement of SDG indicator 

12.5.1 [32,33]. 

The identified research gaps determine the relevance of this study: (1) there is a sig-

nificant gap between general discussions of CE barriers and specific empirical examples 

of how these barriers impede SDG 12 achievement; (2) comparative studies of CE transi-

tions are unbalanced—European cases dominate, while comparative analysis of non-Eu-

ropean models, particularly Russia and China, remain underrepresented; (3) existing 

works analyze CE transition in isolation at either macro, meso, or micro levels, preventing 

comprehensive understanding of institutional interconnections; (4) there is no operation-

alized toolkit for quantitative comparison of institutional maturity in the CE context 

adapted for reproducible cross-country comparisons; and (5) research insufficiently inte-

grates institutional analysis with the SDG 12 agenda, failing to establish a direct link be-

tween institutional conditions and achievement of target indicator 12.5.1 (CMUR) [34,35]. 

To address these gaps, this study develops an original methodology that computes 

institutional lag through three key milestones, an integrated maturity index across eight 

institutional components (regulatory framework, financial instruments, digital infrastruc-

ture, R&D and human capital, industrial symbiosis, regional MSW operators, standards 

and EPR, international integration) [36], and CMUR estimates based on official statistics, 

legislative acts (1998–2025), and industry reports [37,38]. The principal findings indicate 

that Russia’s average institutional lag relative to China is 15.3 years; Russia’s integrated 
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maturity index (5.25) significantly trails behind China’s (8.25); and the CMUR gap reaches 

20–25 percentage points. High recycling growth rates in Russia are driven by a low-base 

effect rather than institutional efficiency [39]. Recent studies on specific sectors, such as 

composite finishing materials [40] and corporate sustainability reporting [41], further il-

lustrate the challenges and opportunities in implementing circular principles across dif-

ferent industries. These results contribute to SDG 12 by providing a replicable monitoring 

toolkit for CE transitions and informing policy adjustments to accelerate progress towards 

targets 12.2, 12.4, and 12.5 in both countries [42–45]. While previous studies have identi-

fied institutional barriers to CE transitions [17,18] and documented China’s policy frame-

work [22,23], a quantitative comparative analysis of institutional maturity between non-

European cases remains absent from the literature. This study addresses this gap by de-

veloping original metrics that allow direct cross-country comparison. 

Research aim and objectives 

The aim of this study is to quantify the magnitude and structure of Russia’s institu-

tional lag relative to China in the transition to a circular economy, and to measure the 

integrated institutional maturity of both countries in the context of their contribution to 

SDG 12. 

To achieve this aim, the following objectives are set: 

1. To develop an original methodology for quantitative assessment of institutional lag 

and integrated maturity in CE transitions. 

2. To compare the dynamics of municipal solid waste (MSW) recycling/utilization rates 

in China and Russia over the period 2018–2030. 

3. To calculate the required compound annual growth rates (CAGRs) for key Russian 

CE indicators. 

4. To determine the capacity deficit for MSW utilization in Russia and the required in-

vestment volume. 

5. To compute the integrated institutional maturity index across eight components for 

both countries. 

6. To establish the gap in the Circular Material Use Rate (CMUR) as a direct indicator 

of SDG 12.5.1. 

7. To formulate concrete recommendations for overcoming the institutional lag and ac-

celerating the circular economy transition in Russia. 

Research hypotheses 

Based on theoretical analysis and empirical premises, the following hypotheses are 

tested in this study: 

H1. Russia’s institutional system for CE transition exhibits a persistent temporal lag relative to 

China, estimated at approximately 15 years, which can be quantitatively measured through com-

parison of key institutional milestones (adoption of conceptual documents, framework laws, com-

mencement of cyclic planning). 

H2a. China’s integrated institutional maturity index significantly exceeds Russia’s, with the larg-

est gap observed in components requiring long-term capital accumulation and inter-ministerial 

coordination (industrial symbiosis, R&D and human capital, financial instruments, international 

integration), whereas the gap is less pronounced in formal-normative components. 

H2b. Russia’s high relative growth rates in waste recycling are explained by the "low-base effect" 

rather than institutional effectiveness. Moreover, the current institutional configuration creates a 

"sorting trap" where extensive growth (increasing sorting capacity) does not translate into inten-
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sive growth (deep recycling and closing material loops) due to lack of business incentives, technol-

ogy deficits, and coordination failures. This explains why even achieving the 2030 targets, Russia 

will remain at the initial stage of circular transition by the CMUR. 

Scientific novelty 

In contrast to existing studies, this research contributes the following elements of 

novelty: 

1. Operationalization of the “institutional lag” concept for CE transitions. Existing ap-

proaches to measuring institutional lag have been predominantly qualitative or reli-

ant on single indicators. This study proposes a quantitative metric based on three 

comparable institutional milestones (Formula (2)), enabling reproducible cross-coun-

try comparisons and providing a standardized tool for assessing temporal gaps in 

institutional development across different national contexts. 

2. An original integrated institutional maturity index comprising eight components as-

sessed on a 10-point scale. Unlike micro-level circular maturity models or general 

OECD indicators, this index is specifically adapted for cross-country comparisons 

and incorporates CE-specific components, including industrial symbiosis and re-

gional MSW operators, thereby capturing the multidimensional nature of institu-

tional readiness for circular transition. 

3. Empirical measurement of the SDG 12.5.1 gap between Russia and China. While pre-

vious comparative studies have focused on qualitative analysis of legislation or indi-

vidual sectoral indicators, this study conducts a direct calculation and forecast of the 

Circular Material Use Rate (CMUR) for Russia, quantifying the 20–25 percentage-

point gap from China and providing a robust empirical basis for policy evaluation. 

4. Identification of structural heterogeneity in the institutional gap. In contrast to stud-

ies that characterize Russia’s lag as uniform, this research demonstrates that the gap 

is minimal in formal-normative components (regulatory framework, operators) and 

maximal in components requiring long-term capital accumulation and inter-ministe-

rial coordination (industrial symbiosis, R&D, finance). This differentiated analysis 

provides a practical focus for targeted policy interventions. 

5. Quantitative refutation of the “fast catching-up” illusion. By comparing the com-

pound annual growth rates (CAGRs) and absolute changes in recycling volumes 

(Section 3.4), this study demonstrates that Russia’s high growth rates are entirely ex-

plained by the “low-base effect” rather than institutional efficiency. Russia’s CAGR 

of 33.0% for recycling volume (2018–2023) compares with China’s 13.1% for recycling 

share over the same period, but this difference reflects the much lower starting point 

rather than more effective institutional transformation. This finding has direct impli-

cations for adjusting national targets and reframes the narrative of rapid progress as 

a statistical artefact rather than evidence of successful institutional transformation. 

Contribution to SDG 12 

This study directly contributes to monitoring and achieving SDG 12 via the follow-

ing: 

a. Providing a replicable methodology for assessing the CMUR (indicator 12.5.1) that 

can be applied across countries. 

b. Quantifying the gap in circular material use between Russia and China, thereby high-

lighting policy priorities for improving resource efficiency (target 12.2). 

c. Analyzing institutional conditions for environmentally sound waste management 

(target 12.4) and identifying specific institutional deficits that need to be addressed. 

d. Offering evidence-based recommendations for policy adjustment to accelerate pro-

gress towards SDG 12 targets in both countries [46,47]. 
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2. Materials and Methods 

2.1. General Methodological Framework 

This study is based on a synthesis of three theoretical approaches: neo-institutional 

theory, multi-level governance theory, and the concept of institutional traps. This 

combined framework allows us to treat the transition to a circular economy (CE) not 

merely as a technological modernization, but as a systemic transformation of formal and 

informal institutions that govern resource flows at the macro-, meso-, and micro levels. 

This theoretical synthesis is particularly suitable for analyzing cross-country differences 

in CE transitions, as it captures both the structural constraints imposed by existing 

institutional configurations and the potential for policy-driven institutional change. 

2.2. Empirical Basis 

The empirical basis of this study comprises four complementary categories of 

sources, ensuring triangulation and robustness of the findings. 

First, the analysis draws on legislative and regulatory documents from both coun-

tries, covering strategic planning frameworks, sectoral laws, and government decrees that 

define institutional conditions for circular economy development over the period from 

the late 1990s to the present. 

Second, the study employs official statistical data from national agencies, providing 

time-series information on waste generation, treatment, recycling rates, and material 

flows, which serve as the foundation for quantitative comparisons of circular perfor-

mance. 

Third, the empirical foundation includes industry analytics and international reports 

from specialized research organizations and international bodies, offering comparative 

perspectives, benchmarking data, and assessments of institutional frameworks across dif-

ferent national contexts. 

Fourth, the analysis is informed by peer-reviewed academic literature on institu-

tional analysis of circular transitions, encompassing studies on barriers, drivers, maturity 

assessment, and comparative methodologies in both developed and developing economy 

settings. 

This multi-source empirical design enables a comprehensive assessment of institu-

tional conditions, quantitative performance indicators, and contextual factors shaping cir-

cular economy transitions in China and Russia. 

Reconciliation of national definitions and data comparability. A critical issue in cross-

country comparison of circular economy indicators is the harmonization of definitions. In 

China, the official “urban MSW recycling and utilization rate” (includes several treatment 

pathways: material recycling (paper, plastics, metals, glass), composting of organic waste, 

and energy recovery through waste-to-energy incineration. According to the Ministry of 

Housing and Urban-Rural Development (MOHURD), MSW sent to incineration with en-

ergy recovery is counted as “utilization” in the national statistics, even though the mate-

rials themselves are not returned to the economy as secondary raw materials. By contrast, 

our CMUR calculation (Formula (6), following Eurostat methodology) explicitly excludes 

waste used as fuel, counting only materials that are physically recycled back into the econ-

omy as secondary raw materials. 

In Russia, the term “utilization” is defined under Federal Law No. 89-FZ “On Pro-

duction and Consumption Waste” as the use of waste for the production of goods, energy, 

or for other purposes. In practice, Russian statistics distinguish between "treatment" (pri-

marily mechanical sorting) and "utilization" (actual recovery of materials). However, as in 

China, some energy recovery may be included in reported utilization figures depending 

on the reporting practices of regional operators. 
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To ensure transparency, we present both the official national statistics (as reported 

by Rosstat, REO, and Chinese authorities) and our own CMUR estimates using the har-

monized Eurostat methodology. The CMUR estimates exclude waste-to-energy and focus 

exclusively on material recycling. This means that the official Chinese MSW recycling/uti-

lization rate (which includes incineration) is systematically higher than a purely material-

recycling rate would be. For Russia, the gap between sorting (54.3%) and utilization 

(13.9%) suggests that most reported “utilization” may already be closer to material recy-

cling, but some energy recovery may still be included. 

For the comparison of MSW recycling/utilization shares presented in Section 3.1, we 

use the official national definitions as reported by each country’s authorities. For the 

CMUR comparison in Section 3.7, we use the harmonized Eurostat definition (material 

recycling only, excluding waste-to-energy) for both countries. This dual approach allows 

readers to see both the official national figures and the harmonized estimates. The 20–25 

percentage-point gap in the CMUR should therefore be interpreted as a conservative esti-

mate of the difference in material circularity; the gap in official MSW recycling/utilization 

rates may be even larger if incineration is more heavily counted in China than in Russia. 

A full harmonization of all waste flows would require access to disaggregated facility-

level data, which is not publicly available for all years. We therefore treat the CMUR gap 

as an indicative order-of-magnitude estimate rather than a precise measurement. 

2.3. Methods and Calculation Formulas 

2.3.1. Comparative Institutional Analysis 

A qualitative and quantitative comparison of the two national models was conducted 

along the following dimensions: regulatory completeness; presence of specialized devel-

opment institutions; financing mechanisms; degree of centralization/decentralization; and 

planning horizon. 

2.3.2. Compound Annual Growth Rate (CAGR) 

To assess the dynamics of indicators and the required growth rates to meet target 

values, we used the compound annual growth rate:  

CAGR = (
Vt

V0
)

1/n

− 1, (1) 

where 

• CAGR is the compound annual growth rate (%); 

• Vt is the target value in the final year; 

• V0 is the actual value in the base year; 

• n is the number of years between the base and target periods. 

2.3.3. Calculation of Institutional Lag 

The institutional lag 𝐿𝑖𝑛𝑠𝑡  is defined as the arithmetic mean of the time gaps across 

three comparable institutional milestones: 

Linst =
1

3
∑ (ti

CN − ti
RU)

3

i=1
, (2) 

where 

• Linst is the integrated institutional lag of Russia relative to China (years); 

• t1 is the year of adoption of the conceptual policy document on the CE; 

• t2 is the year of adoption of the basic framework law on the CE; 

• t3 is the year of the start of cyclic strategic planning; 

• CN is China; 

• RU is Russia. 
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For China: t1 = 2002, t2 = 2008, t3 = 2005. For Russia: t1 = 2014, t2 = 2022, t3 =

2025. 

The choice of milestones is based on document comparability and conceptual rele-

vance. For China, 2002 marks the first explicit national-level CE policy statement; 2008 is 

the year of the Circular Economy Promotion Law (the first comprehensive CE framework 

law); and 2005 is the start of the first Five-Year Plan incorporating the CE as a dedicated 

section. For Russia, 2014 is the year of the amendment to Federal Law No. 89-FZ that first 

introduced the “circular economy” concept into Russian waste legislation (the 1998 ver-

sion of the law predates the CE concept and is therefore not used); 2022 is the year of the 

federal project “Circular Economy” (the first dedicated federal-level CE programme); and 

2025 is the start of the national project “Environmental Well-being” (the first comprehen-

sive national project integrating the CE with broader environmental goals). The distinc-

tion between 2022 (federal project) and 2025 (national project) reflects different levels of 

policy integration; both are examined in the sensitivity analysis (Section 3.3). 

Justification for excluding other policy instruments. Other public policy instruments 

that could potentially influence CE development—such as economic incentives, technical 

standards, regional strategies, and voluntary agreements—were not included as mile-

stones because they (a) lack direct comparability across the two countries due to funda-

mental differences in governance structures and policy traditions; (b) are typically sec-

ondary or derivative instruments that follow the adoption of framework legislation and 

conceptual documents rather than representing independent institutional breakthroughs; 

and (c) are often introduced incrementally across multiple years and regions, making it 

difficult to assign a single year that would constitute a meaningful milestone for cross-

country comparison. The three selected milestones were chosen because they represent 

the most clearly identifiable and directly comparable events in each country’s institutional 

pathway: the first conceptual policy statement, the first comprehensive framework law, 

and the first systematic planning instrument. 

2.3.4. Capacity Deficit in Waste Utilization 

The capacity deficit 𝐷𝑐𝑎𝑝(million tonnes/year) is calculated as the difference between 

the actual volume of waste requiring utilization and the available processing capacity 

(REO, 2024): 

Dcap = ∑ (Qi
gen

− Ci
avail)

i
, (3) 

where 

• Dcap is the capacity deficit in waste utilization (million tonnes/year); 

• Qi
gen

 is the volume of generation of waste of type i subject to utilization (million 

tonnes/year); 

• Ci
avail is the existing utilization capacity for waste of type i (million tonnes/year); 

• i is the waste type (polymers, glass, paper, metal, etc.). 

2.3.5. Integrated Assessment of Institutional Maturity (Authors’ Methodology) 

To quantitatively compare the institutional systems of CE transition in China and 

Russia, we developed an original integrated assessment methodology based on a synthe-

sis of neo-institutional theory, institutional isomorphism, and multi-level governance. The 

methodology allows the multidimensional institutional environment to be reduced to a 

single index suitable for direct comparison. 

Step 1: Selection of components. 

Institutional maturity is assessed across eight key components, each reflecting a crit-

ically important aspect of the CE transition (Table 1). 
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Justification for selecting these eight components. The selection is based on a synthe-

sis of recommendations from leading international organizations that highlight key di-

mensions for a successful CE transition: regulatory framework, financial mechanisms, in-

novation, digital infrastructure, industrial cooperation, extended producer responsibility, 

and international cooperation. These eight components (a) cover all governance levels—

macro (regulations, finance), meso (regional operators, industrial symbioses), and micro 

(digital infrastructure, R&D); (b) are identified in the literature as the most critical for CE 

success; and (c) have comparable empirical indicators for both countries. Thus, the pro-

posed set combines theoretical grounding with empirical data availability. 

Table 1. Key components of institutional maturity. 

No. Component What Is Assessed 

1 Regulatory framework 
Existence of framework laws, by-laws, direct-action strategies, regulatory cov-

erage 

2 Financial instruments 
Active mechanisms: green bonds, subsidies, environmental funds, tax incen-

tives, EPR 

3 Digital infrastructure 
Waste flow accounting platforms, national information systems, secondary re-

source exchanges, traceability 

4 R&D and human capital Centres of competence, training programmes, patent activity in recycling 

5 Industrial symbioses Eco-industrial parks, by-product exchanges, cross-sectoral cooperation 

6 Regional MSW operators 
Institutional model for collection, transport and treatment of MSW, coverage 

and efficiency 

7 
Standards and Extended Producer Responsi-

bility (EPR) 
Technical norms, utilization requirements, control and sanction mechanisms 

8 International integration 
Participation in global platforms (G20, UNEP), technology exports, standard 

harmonization 

Step 2: Scoring scale 

Each component is scored on a discrete scale from 0 to 10, where 

0–2: The institution is absent or embryonic (no legislation, no working mechanisms); 

3–4: Initial stage of formation (isolated pilot projects, fragmented regulation); 

5–6: Basic institutional framework exists, but systemic coherence and effectiveness 

are low (laws exist but no enforcement; operators exist but no coordination); 

7–8: The institution is developed, covers most sectors, and has enforcement and in-

centive mechanisms; 

9–10: The institution is fully formed, operates smoothly, and serves as a benchmark 

for other countries. 

The detailed evaluation criteria used by experts to assign scores to each component 

are provided in Appendix A (Table A6), which maps specific empirical evidence to each 

score band for each of the eight components. 

Step 3: Expert procedure and statistical treatment 

Expert assessment was carried out by nine independent researchers (Experts 1–9), all 

holding a PhD or Doctor of Sciences degree in economics and having a publication record 

in the field of institutional analysis of the circular economy. The experts represent diverse 

scientific schools and organizations across Russia (Appendix A, Table A1 for full profiles). 

This geographical and institutional diversity ensures representativeness and reduces the 

risk of systematic bias. 

The assessment was based on a unified package of documents (laws, strategies, sta-

tistical compilations, industry reports). Experts were not provided with the study’s hy-

potheses, research questions, or expected results; they were asked only to assess institu-

tional maturity based on the evidence provided. Each expert independently assigned 
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scores for each component for China and Russia. To minimize subjectivity, a two-round 

Delphi procedure was applied: after the first round, experts were provided with aggre-

gated results (means and dispersion), after which a second round was conducted for score 

adjustment. The final scores (Table A2) reflect the outcomes of the second round. 

Individual expert scores are presented in Appendix A (Tables A2 and A3). The final 

score for each component is the median of the nine expert scores. Disagreements between 

experts on individual component scores did not exceed 2 points (on the 0–10 scale), indi-

cating acceptable consistency at the component level. Kendall’s coefficient of concordance 

(W) was computed to assess overall agreement among the nine experts across all 16 scored 

objects (8 components × 2 countries). The calculation was performed using IBM SPSS Sta-

tistics version 26.0 (IBM Corp., Armonk, NY, USA) via the following procedure: Analyze 

→ Nonparametric Tests → Related Samples → Kendall's W, applied to the matrix of 9 

experts × 16 objects. The resulting value is W = 0.85, with χ2 = 57.8, df = 15, and p < 0.001, 

confirming a high and statistically significant degree of expert agreement. 

The high concordance and the alignment of expert scores with objective quantitative 

indicators (Table 2) support the validity of the results. For the integrated indices, 95% con-

fidence intervals were calculated (see Step 5 below). 

Step 4: Justification of component gaps with data sources 

For the most contrasting components, Table 2 provides specific quantitative indica-

tors that support the expert scores. The sources for these indicators (NDRC, , REO, Rosstat 

etc.) are cited in the main text and listed in the References section. 

Table 2. Justification of component gaps with quantitative indicators and sources. 

Component 
China 

(Score) 

Russia 

(Score) 
Quantitative Justification and Sources 

Industrial symbi-

oses 
9 4 

China has >200 state-level eco-industrial parks (MOHURD, 2025; NDRC, 2021). Russia has 

only 2–3 pilot projects (e.g., Khimgrad technopark), with no systemic support (REO, 2024; 

Expert RA, 2026). 

R&D and human 

capital 
9 5 

China has established over 50 national competence centres and state training programmes; 

the R&D budget in the CE exceeds 20 billion yuan/year (NDRC, 2021). Russia has no more 

than five fragmented initiatives, with very low commercialization (Rosstat, 2024; IN-

FRAGRIN, 2025). 

Financial instru-

ments 
8 5 

China issued 238 billion yuan of green bonds in 2016 alone and created special funds with 

capitalization of 88 billion yuan (NDRC, 2021). Russia’s environmental fee in 2025 reached 

19 billion RUB (five times higher than 2024, but still small), with no systematic preferential 

financing (REO, 2024; Government of the Russian Federation, 2025). 

International in-

tegration 
7 4 

China is an active G20 participant, initiated three resolutions on the CE, and exports tech-

nologies to >30 countries (NDRC, 2021; EU Circular Economy Platform, 2023). Russia partic-

ipates in international platforms mostly as an observer, with minimal technology exports.  

Step 5: Calculation of the integrated index, confidence intervals, and significance test-

ing 

The integrated institutional maturity index 𝑀 is computed as the arithmetic mean 

of the scores across the eight components: 

M =
1

8
∑ Sj

8

j=1
, (4) 

where 

• M is the integrated institutional maturity index (points from 0 to 10); 

• Sj is the score for component j (points from 0 to 10); 

• j = 1,2, … ,8 are the eight components of institutional maturity. 
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Justification for the unweighted mean. The index uses an arithmetic mean (equal 

weights) for three reasons. First, the Delphi procedure and high expert concordance (W = 

0.85) suggest that the components are collectively assessed as equally important contrib-

utors to institutional maturity; assigning differential weights would require a separate, 

validated weighting procedure beyond the scope of this study. Second, the eight compo-

nents were deliberately selected to represent distinct but complementary dimensions of 

institutional readiness, and there is no well-established theoretical basis in the literature 

for prioritizing one over another in the context of CE transitions. Third, equal weighting 

enhances transparency and reproducibility, allowing other researchers to replicate or 

adapt the index without requiring access to the original expert weights. Future research 

may develop component-specific weights based on econometric analysis across a larger 

panel of countries. 

For China (based on median scores from Table A2): 

MCN =
9 + 8 + 8 + 9 + 9 + 8 + 8 + 7

8
=

66

8
= 8.25.  

For Russia (based on median scores from Table A2): 

MRU =
6 + 5 + 5 + 5 + 4 + 7 + 6 + 4

8
=

42

8
= 5.25.  

Descriptive dispersion of expert scores. To illustrate the variability of the integrated 

indices across experts, we calculated the range and standard deviation of the individual 

expert integrated indices (see Appendix A, Tables A2 and A3, last row). For Russia, the 

individual integrated indices are: 5.25, 5.00, 5.25, 5.38, 5.13, 5.25, 5.00, 5.38, and 5.13. These 

values range from 5.00 to 5.38, with a mean of 5.197 and a standard deviation of 0.139. For 

China, the individual integrated indices are: 8.25, 8.00, 8.25, 8.38, 8.13, 8.25, 8.00, 8.38, and 

8.13, ranging from 8.00 to 8.38, with a mean of 8.197 and a standard deviation of 0.139. 

The narrow ranges (±0.19 points around the median) indicate that the experts were in close 

agreement. 

Important caveat on interpretation. These ranges are presented as descriptive 

measures of dispersion, not as inferential confidence intervals. The two-round Delphi pro-

cedure is designed to induce convergence between experts, so the individual expert scores 

are not statistically independent observations. Consequently, standard confidence inter-

val formulas would overstate the precision of the estimates. The ranges should be inter-

preted simply as indicators of the degree of qualitative agreement among the nine experts, 

not as probabilistic statements about the true underlying value. 

For the statistical analysis, the sample consisted of nine experts, each providing 

scores on eight components for each country (n1 = 8 component scores for China; n2 = 8 

component scores for Russia). The total number of observations used in the analysis is 16 

component-country pairs. 

Significance testing (Mann–Whitney U test). To compare the two independent sam-

ples of component scores (eight components for China and eight for Russia), we used the 

non-parametric Mann–Whitney U test. China’s sample (median scores): [9,8,8,9,9,8,8,7]; 

Russia’s sample: [6,5,5,5,4,7,6,4]. The computed sum of ranks for Russia is 36. The critical 

value for 𝑛1 = 𝑛2 = 8, 𝛼 = 0.05 is 51. Since 36 < 51, the null hypothesis of no difference 

is rejected. The exact 𝑝-value is 0.021. Thus, the difference in integrated institutional ma-

turity is statistically significant. 

Step 6: Interpretation and gap 

An index of 8.25 (China) corresponds to the level “institutional environment fully 

formed, most mechanisms operate systematically”. China has minor room for improve-

ment (mainly in international integration and digital infrastructure). An index of 5.25 

(Russia) lies in the zone “basic framework exists, but systemic coherence and effectiveness 

are low”. Russia has relatively high scores for their regulatory framework (6) and regional 
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MSW operators (7), but lags critically in industrial symbioses (4), R&D and human capital 

(5), financial instruments (5), and international integration (4). The absolute gap Δ𝑀 =

8.25 − 5.25 = 3.0 points (on a 10-point scale), with the relative gap about 57%. China’s 

institutional maturity is more than one-and-a-half times that of Russia. The correlation 

with the time lag (≈15 years) and the CMUR gap (20–25 p.p.) supports the validity of the 

methodology. 

2.3.6. Calculation of the Circular Material Use Rate (CMUR) 

To assess the contribution to SDG 12 (indicator 12.5.1), we calculated the Circular 

Material Use Rate (EC, 2018; INFRAGRIN, 2025): 

CMUR =
Rrecycled

Rtotal
× 100%, (5) 

where 

• CMUR is the Circular Material Use Rate (%); 

• Rrecycled is the mass of secondary materials fed back into the economy (excluding 

waste used as fuel) (million tonnes); 

• Rtotal is the total material consumption (primary and secondary) (million tonnes). 

Forecasting the CMUR for Russia and justification of method choice. To obtain a 

quantitative forecast of the CMUR for 2030, we applied double exponential smoothing 

(Holt’s model). The choice of this method is motivated by the following reasons. First, the 

CMUR time series for Russia has very few observations (five points: 2018, 2020, 2022, 2024, 

2025), which makes more complex models such as ARIMA infeasible as they require at 

least 20–30 points for reliable identification of autoregressive and moving-average orders. 

Second, the series exhibits a clear trend (steady growth without seasonality), which fits 

Holt’s model assumptions—it handles trending series well even with small datasets [48]. 

Third, Holt’s model provides forecast intervals, increasing transparency. The smoothing 

parameters were chosen in a standard manner: 𝛼 = 0.3 (level smoothing) and 𝛽 = 0.2 

(trend smoothing), in line with recommendations for short series with moderate volatility. 

Initial time series (estimates based on industry analytics): 2018—2%, 2020—3%, 

2022—4%, 2024—6%, 2025—7%. The model equations: 

𝑙𝑡 = 𝛼𝑦𝑡 + (1 − 𝛼)(𝑙𝑡−1 + 𝑏𝑡−1),  

𝑏𝑡 = 𝛽(𝑙𝑡 − 𝑙𝑡−1) + (1 − 𝛽)𝑏𝑡−1,  

𝑦̂𝑡+ℎ = 𝑙𝑡 + ℎ ⋅ 𝑏𝑡, 

(6) 

where 

• 𝑙𝑡 is the level component at time 𝑡; 

• 𝑏𝑡 is the trend component at time 𝑡; 

• 𝑦𝑡  is the actual value at time 𝑡; 

• 𝛼 is the smoothing parameter for the level (0.3); 

• 𝛽 is the smoothing parameter for the trend (0.2); 

• 𝑦̂𝑡+ℎ is the forecast for ℎ periods ahead. 

The forecast for 2030 is CMUR̂2030 ≈ 11.2% with a 95% confidence interval of [9%; 

13%], which corroborates the qualitative assessments of the authors. 

2.3.7. Elasticity of Recycling to Investment (CAPEX) 

To compare investment efficiency in waste recycling, we calculated the elasticity of 

recycling volume 𝑉  (million tonnes) with respect to accumulated capital expenditure 

CAPEX: 

EV,CAPEX =
ΔV/V0

ΔCAPEX/CAPEX0
, (7) 

where 

https://doi.org/10.3390/su18157908


Sustainability 2026, 18, 7908 13 of 41 
 

https://doi.org/10.3390/su18157908 

• EV,CAPEX is the elasticity of recycling volume with respect to accumulated capital ex-

penditure; 

• ΔV = Vt − V0 is the absolute change in recycling volume (million tonnes); 

• Vt is the recycling volume in the current year (million tonnes); 

• V0 is the recycling volume in the base year (million tonnes); 

• ΔCAPEX = CAPEXt − CAPEX0 is the change in accumulated capital expenditure (bil-

lion USD); 

• CAPEXt is the capital expenditure in the current year (billion USD); 

• CAPEX0 is the capital expenditure in the base year (billion USD). 

MPI =
ΔV

ΔCAPEX
(million tonnes/billion USD), (8) 

where 

• MPI is the marginal productivity of investment (million tonnes per billion USD); 

• ΔV is the absolute change in recycling volume (million tonnes); 

• ΔCAPEX is the change in accumulated capital expenditure (billion USD). 

The underlying data series for V (recycling volume) and CAPEX (accumulated capi-

tal expenditure) used in Formulas (7) and (8) are provided in Appendix A, Table A5, to 

ensure full reproducibility. 

2.4. Limitations of the Methodology 

The proposed methodology has several limitations that should be considered when 

interpreting the results. 

First, the integrated institutional maturity index relies on expert judgments, which 

introduces an element of subjectivity, despite formalized criteria and high expert concord-

ance (W = 0.85). Expanding the number of experts and applying multi-round Delphi pro-

cedures have partially mitigated this, but some subjective bias may remain. 

Second, the index is based on a static comparison for a fixed period (2024–2025) and 

does not capture the dynamics of institutional changes over time. The time-lag analysis 

(Section 3.3) partially compensates for this, but a full trajectory analysis would require 

panel data covering several years. 

Third, the eight-component set is not exhaustive. Additional dimensions—such as 

public environmental culture, civil society engagement, and judicial practice in environ-

mental disputes—could be included. However, the selected components cover the key 

institutional dimensions for which comparable empirical indicators exist for both coun-

tries. 

Fourth, the CMUR forecast using Holt’s model relies on a short time series (five 

points), which limits the accuracy of long-term projections. To enhance robustness, future 

studies could apply combined approaches (e.g., Bayesian model averaging) as more data 

become available. 

Fifth, the comparative analysis is restricted to two countries, which prevents gener-

alizations about global patterns. Including other BRICS or post-Soviet countries would 

increase external validity. 

Furthermore, the descriptive ratio comparing the relative gaps in the CMUR and the 

maturity index (Section 3.7.3) is based on a single cross-sectional contrast between two 

countries and should not be interpreted causally. Additionally, because some components 

of the maturity index are informed by recycling and material flow performance data that 

overlap with CMUR estimation, there is a degree of circularity; this ratio is therefore pre-

sented only as an illustrative descriptive observation and does not establish a causal link 

between institutional maturity and circular material use. 
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Sixth, the index uses equal weighting for all eight components. While this is justified 

by the absence of a validated theoretical basis for differential weights and by the high 

expert concordance (W = 0.85), which suggests collective agreement on the relative im-

portance of components, it remains a simplifying assumption. Components such as in-

dustrial symbiosis and financial instruments may plausibly have greater influence on the 

CMUR than others, but testing this empirically would require a larger country panel. 

Seventh, the descriptive ranges of the integrated indices presented in Sections 2.3.6, 

3.6, and 3.9 are derived from expert scores obtained through a two-round Delphi proce-

dure. Because the Delphi method is designed to foster convergence between experts, the 

resulting scores are not statistically independent observations. Therefore, these ranges 

should be interpreted only as descriptive measures of dispersion, not as inferential confi-

dence intervals. The narrow ranges do not imply statistical precision in the traditional 

sense, but simply indicate that the experts reached a high level of qualitative agreement. 

Eighth, the institutional lag metric (Section 3.3) is based on the selection of three com-

parable milestones and their pairing between China and Russia. As shown in the sensitiv-

ity analysis (Table 3), alternative plausible pairings yield lag estimates ranging from 11.3 

to 17.3 years. While all scenarios confirm a substantial lag, the exact value (15.3 years) 

should be interpreted as an indicative estimate rather than a precise measurement. 

Table 3. Required CAGR for key Russian CE indicators (2023–2030). 

Indicator 2023 (Actual) 2030 (Target) CAGR, % 

MSW sorting, % of volume 50 100 10.4 

MSW utilization as secondary raw materials, % 12.8 25 10.0 

Share of secondary raw materials in industry, % 5 34 31.5 

Packaging utilization, % 40 85 11.4 

MSW landfilling (max.), % 80.5 ≤50 −6.6 

Note: A negative CAGR for landfilling indicates the need for annual reduction in the landfilled 

share. Sources for 2023 actual values: Rosstat (2024) [41]; REO Sustainability Report (2024) [40]. 

Sources for 2030 targets: Government Resolution No. 1039 of 10 July 2025 [47]. Source: Author's 

composition. 

Ninth, all nine experts who participated in the Delphi assessment are based in Russia. 

While this ensures deep familiarity with the Russian institutional context, it may intro-

duce information asymmetry when scoring China’s institutions, as the experts may have 

less direct exposure to Chinese policy implementation and institutional nuances. The ge-

ographical diversity across Russia (experts from Moscow, St. Petersburg, Novosibirsk, 

Tomsk, etc.) does not fully address this concern, as it does not include experts with direct 

China expertise. To mitigate this limitation, we validated the China scores against inde-

pendent third-party assessments in Section 3.6. Future research should include experts 

with documented China expertise or a broader international expert panel. 

Despite these limitations, the methodology offers the first systematic quantitative ap-

proach to comparing institutional maturity in the context of SDG 12, and can serve as a 

foundation for further research. 

Note: Detailed expert profiles, individual expert scores, and full statistical outputs 

are provided in Appendix A. 

3. Results 

This section presents the findings of the comparative institutional analysis of the cir-

cular economy transition in China and the Russian Federation. Quantitative estimates are 

based on official statistics and regulatory acts, as detailed in Section 2.2. Calculations fol-
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low Formulas (1)–(6) presented in Section 2.3. The comparative analysis covers the follow-

ing key dimensions: dynamics of municipal solid waste recycling and utilization, required 

growth rates, institutional lag, time elasticity of recycling, capacity deficit, integrated in-

stitutional maturity, the Circular Material Use Rate, and the scale of the recycling indus-

try. 

3.1. Comparative Dynamics of MSW Recycling and Utilization Rates (2018–2030) 

According to official Chinese statistics, the share of urban MSW recycling in China 

increased monotonically from 27% in 2018 to 50% in 2023. Targets set in the 14th Five-

Year Plan for Circular Economy Development aimed for 60% by 2025 and 65% by 2030. 

By the end of 2025, separate waste collection systems had been implemented in residential 

areas of 297 prefecture-level cities; the waste-to-energy fleet comprised 1,001 units with a 

total design capacity of 1.18 million tonnes per day; and 15 provinces, including Beijing, 

Zhejiang, and Shandong, had completely ceased landfilling untreated MSW. The 2025 tar-

get of 60% was slightly exceeded. Looking towards 2030, Chinese authorities declare an 

overall urban MSW recycling and utilization rate above 76%, while the Action Plan for 

Comprehensive Management of Solid Wastes sets annual targets of 4.5 billion tonnes for 

comprehensive utilization of bulk solid wastes and 510 million tonnes for recycled re-

source processing. 

In the Russian Federation, according to the Russian Environmental Operator and 

Rosstat, initial MSW treatment indicators were substantially lower. In 2018, only 3% of the 

annual MSW volume was sorted, and less than 1% was directed to utilization. By 2024, 

sorting share reached 54.3%, while utilization share reached 13.9%. The absolute MSW 

volume in 2024 was 47.5 million tonnes. During 2019–2024, 295 new MSW management 

facilities were commissioned, including 148 for treatment, 81 for utilization, and 42 inte-

grated facilities, increasing treatment capacity by 23.24 million tonnes per year and utili-

zation capacity by 7.57 million tonnes per year. According to operational data from 

Rosprirodnadzor [8], in 2025, 46.4 million tonnes of MSW were generated; 25.48 million 

tonnes, or 54.9%, were sent to treatment; 4.6 million tonnes, or 9.9%, to utilization; and 

37.75 million tonnes, or 81.4%, to landfill. [49]. 

Payment collection for MSW removal in the first half of 2025 reached 94.1%. 

For the base year 2023, the following values are used in this study based on Rosstat 

and REO operational data: MSW sorting share—50%, MSW utilization share—12.8%, 

share of secondary raw materials in industry—5% (expert estimate based on industry re-

ports), packaging utilization—40% (REO data), and MSW landfilling share—80.5%. These 

2023 values serve as the baseline for the CAGR calculations presented in Table 1. 

Targets for 2030, set by Presidential Decree and Government Resolution No. 1039 of 

10 July 2025, include 100% MSW sorting, reduction in landfill disposal to ≤50%, at least 

25% of waste to be involved in economic turnover as secondary resources and raw mate-

rials, MSW utilization as secondary raw materials at 25%, and share of secondary re-

sources in industry at 34%, in construction at 40%, and in agriculture at 50%. Under the 

extended producer responsibility mechanism, phased packaging utilization targets are set 

at 55% for 2025, 75% for 2026, and 100% for 2027. The environmental fee in 2025 amounted 

to RUB 19 billion. 

Comparison of the time series reveals several regularities. Over 2018–2023, Russia’s 

MSW utilization share (the proportion of total MSW generation sent to utilization) grew 

from 1% to 12.8%, representing a 12.8-fold increase in percentage terms. In absolute terms, 

the volume of MSW directed to utilization grew from approximately 1.3 million tonnes in 

2018 to 5.9 million tonnes in 2023 (based on REO and Rosstat data), a 4.5-fold increase in 

physical volume. The difference between the growth rates of the share and the absolute 
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volume reflects changes in total MSW generation over the same period. For comparison, 

China’s recycling share increased from 27% to 50%, a 1.85-fold increase. 

The high relative growth in Russia is driven by the low-base effect and is not an in-

dicator of comparable institutional efficiency. In 2023, the difference between China’s re-

cycling share and Russia’s utilization share was 37.2 percentage points. In 2024, with Rus-

sia’s utilization at 13.9%, the gap remained about 36 percentage points, considering 

China’s 50% share. Russia’s 2024 MSW utilization level of 13.9% corresponds to China’s 

2009–2010 level of about 14%. Russia’s planned 2030 level of 25% was already achieved 

by China around 2018 at 27%. It is important to note that this comparison uses the official 

national definitions for MSW recycling/utilization rates, which may not be perfectly har-

monized across the two countries. As discussed in Section 2.2, China’s official MSW recy-

cling and utilization rate includes waste-to-energy incineration, whereas Russia’s “utili-

zation” definition focuses primarily on material recovery. This means that the observed 

gap may partly reflect definitional differences rather than purely differences in material 

circularity. The CMUR estimates presented in Section 3.7, which use a harmonized defi-

nition (excluding waste-to-energy), provide a more conservative and directly comparable 

measure of material circularity. The MSW recycling/utilization comparison should there-

fore be interpreted as an indicative illustration of the gap, not as a precise harmonized 

measurement. 

Figure 1 presents the comparative dynamics of MSW recycling and utilization rates 

in China and Russia from 2018 to 2030 and identifies the institutional lag. 

 

Figure 1. Comparative dynamics of MSW recycling/utilization rates in China and Russia (2018–

2030) and identification of the institutional lag. Source: Author’s composition. 

3.2. Required Growth Rates for Russia’s Targets 
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Using Formula (1), we calculated the required compound annual growth rates for 

key Russian CE indicators over 2023–2030, as presented in Table 3. The most ambitious 

indicator is the share of secondary raw materials in industry, requiring a CAGR of 31.5%, 

corresponding to growth from 5% in 2023 to 34% by 2030 (as set out in Government Res-

olution No. 1039 of 10 July 2025). For MSW sorting, the required CAGR is 10.4%; for MSW 

utilization, 10.0%; and for packaging utilization, 11.4%. For landfilling, an annual reduc-

tion of 6.6% is required, represented by a negative CAGR. 

For comparison, China’s current share of secondary materials in industry is already 

about 25–30%, and the required CAGR to reach 2030 targets is only about 3–5% per year. 

This further confirms the existence of an institutional lag. 

Figure 2 presents a bar chart comparing actual values for 2023 and target values for 

2030 for Russia’s key CE indicators, highlighting the required CAGR. 

 

Figure 2. Required CAGR for Russia’s key circular economy indicators (2023–2030). Bar chart com-

paring actual (2023) and target (2030) values. Source: Author’s composition. 

3.3. Institutional Lag Calculation 

Using Formula (2), we calculated the average time lag based on three comparable 

institutional milestones. For China, these milestones are (1) the adoption of the conceptual 

programme document in 2002 (the first explicit national-level CE policy statement); (2) the 

adoption of the Circular Economy Promotion Law in 2008 (the first comprehensive CE 

framework law); and (3) the commencement of cyclic strategic planning in 2005 (the first 

Five-Year Plan incorporating CE as a dedicated section). For Russia, the milestones are (1) 

the conceptual document in 2014 (the amendment of Federal Law No. 89-FZ that intro-

duced the “circular economy” concept into Russian waste legislation); (2) the federal pro-

ject “Circular Economy” in 2022 (the first dedicated federal-level CE programme); and (3) 

the start of the national project “Environmental Well-being” in 2025 (the first comprehen-

sive national project integrating the CE with broader environmental goals). The 1998 ver-

sion of Federal Law No. 89-FZ is not used as a milestone because it predates the “circular 

economy” concept in Russian policy discourse; the 2014 amendment represents the first 

explicit reference to circular principles. 

The calculation yields: 
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inst = 
∣(2002−2014)+(2008−2022)+(2005−2025)∣ 

3
=

∣−12−14−20∣

3
=

46

3
≈ 15.3.  

Thus, Russia’s average institutional lag relative to China is 15.3 years. The absolute 

value is taken so that inst represents the number of years of Russia’s lag (a positive num-

ber). 

Sensitivity analysis. Because the lag calculation depends on the choice of milestones 

and their pairing, we conducted a sensitivity analysis using three alternative, plausible 

pairings (Table 4). 

Table 4. Sensitivity of institutional lag (L_inst) to alternative milestone pairings. 

Scenario Chinese Milestones Russian Milestones L_inst (Years) 

Main scenario 2002, 2008, 2005 2014, 2022, 2025 15.3 

Scenario 1 (earlier planning) 2002, 2008, 2005 2014, 2022, 2022 11.3 

Scenario 2 (using 1998 law) 2002, 2008, 2005 1998, 2022, 2025 17.3 

Scenario 3 (federal project as planning) 2002, 2008, 2005 2014, 2022, 2022 11.3 

Source: Authors’ calculations based on legislative documents. 

The sensitivity analysis shows that L_inst ranges from 11.3 to 17.3 years under alter-

native plausible assumptions. The main scenario (15.3 years) lies within this range, and 

all scenarios confirm a substantial institutional lag of at least 11 years. The result is there-

fore robust to reasonable variations in milestone selection, though the exact magnitude 

should be interpreted with caution. 

Figure 3 shows a parallel timeline of institutional milestones in China and Russia 

from 1998 to 2030, illustrating the institutional lag. 
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Figure 3. Parallel timeline of institutional milestones in China and Russia (1998–2030), illustrating 

the institutional lag. Source: Author’s composition. 

3.4. Comparative Dynamics of Recycling Growth Rates 

To compare the dynamics “from a low base” in Russia and “from a high base” in 

China, we calculated the compound annual growth rates (CAGRs) and absolute changes 

in recycling volume. For Russia, the absolute volume of MSW directed to utilization grew 

from 1.3 million tonnes in 2018 to 5.9 million tonnes in 2023 (based on Rosstat and REO 

operational data), yielding a CAGR of 33.0% (Equation (1)). The utilization share over the 

same period increased from 1% to 12.8%, reflecting both the growth in absolute utilization 

volume and changes in total MSW generation. The substantially higher CAGR for Russia 

(33.0% vs. 13.1% for China) is exclusively due to the low-base effect and does not indicate 

comparable institutional efficiency or technological level. The “low-base effect” is a well-

documented phenomenon in development economics and firm growth studies: when 

starting from very low levels, percentage growth rates can be deceptively high, even with 

modest absolute gains. In the context of firm dynamics, this effect has been shown to be 

particularly pronounced for smaller and younger firms [50–52]. Similarly, studies of high-

growth firms have demonstrated that rapid percentage growth often reflects a low initial 

base rather than exceptional performance [53]. This is quantitatively evidenced by the 

comparison of Russia’s CAGR (33.0%) with China’s (13.1%) over the same period, where 

Russia’s much lower starting point (1.3 million tonnes vs. 27% in China) explains the 

higher growth rate despite modest absolute gains (4.6 million tonnes vs. 23 percentage 

points). This finding is further corroborated by the CAPEX coefficient analysis (Section 

3.8), which shows that Russia’s CAPEX per percentage-point increase is artificially low 

(0.32 vs. 3.9 billion USD per percentage point in China). In terms of institutional change 

theory, high growth at early stages is characteristic of catching-up development. How-

ever, as targets are approached, growth rates decline and required investments per addi-

tional percentage point increase. 

3.5. Utilization Capacity Deficit in Russia 

Using Formula (4) and data from the Russian Environmental Operator, we estimated 

the MSW utilization capacity deficit. By 2024, the accumulated deficit reached 17.6 million 

tonnes per year. The structure by waste type is shown in Table 5. 

Table 5. Utilization capacity deficit by waste type (million tonnes/year, 2024). 

Waste Type Deficit, Million t/Year 

Polymer waste 5.74 

Glass cullet 3.66 

Others (paper, metal, wood, textiles) 8.20 

Total 17.60 

To eliminate this deficit by 2030, additional capacities of 22 million tonnes per year 

for treatment, being sorting, and 14.2 million tonnes per year for utilization are required. 

Total investment needed is estimated at RUB 250–300 billion, based on REO estimates for 

the required expansion of sorting and utilization capacities [54–56]. In China, a similar 

deficit was mostly eliminated during 2015–2020 through state investments of about USD 

90 billion, equivalent to about 8–9 trillion RUB in purchasing power parity. 

Figure 4 shows the structure of the recycling capacity deficit in Russia by waste type 

for 2024. 
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Figure 4. Structure of the recycling capacity deficit in Russia by waste type, 2024. Source: Author’s 

composition. 

3.6. Integrated Institutional Maturity Index 

Following the methodology described in Section 2.3.6 and Formula (5), we conducted 

an expert scoring of eight institutional components for China and Russia. Scores are based 

on analysis of regulatory documents, industry analytics, and scientific reviews. Results 

are presented in Table 6. 

Table 6. Component scores of institutional maturities (0–10 scale). 

Component China Russia 

Regulatory framework 9 6 

Financial instruments 8 5 

Digital infrastructure 8 5 

R&D and human capital 9 5 

Industrial symbiosis 9 4 

Regional MSW operators 8 7 

Standards and EPR 8 6 

International integration 7 4 

Integrated index (M) 8.25 5.25 

Source: Author’s composition. 

The scoring rubric used by the experts is detailed in Appendix A (Table A6). 

Validation of China scores against independent assessments. To address the concern 

that all experts are Russia-based, we validated the expert-based scores for China against 

independent third-party assessments. The EU Circular Economy Platform (2023) ranks 

China’s CE regulatory framework as “advanced” and its industrial symbiosis infrastruc-

ture as “extensive” (consistent with our score of 9) [10]. The OECD (2020) rates China’s 

R&D investment in environmental technologies among the highest in the G20, aligning 

with our score of 9 [34]. The NDRC (2021) reports that China issued 238 billion yuan of 

green bonds in 2016 alone, consistent with our financial instruments score of 8 [23]. These 

external sources support the expert-based scores and mitigate the concern that Russia-
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based experts may systematically under- or overestimate China’s institutional maturity. 

This validation does not eliminate the potential for information asymmetry, but it pro-

vides additional confidence in the expert-based assessments. 

Classification of components. The eight components can be classified into two cate-

gories: (1) institutional-input components, which reflect formal institutional structures 

and policy mechanisms that enable circular transition (regulatory framework, financial 

instruments, digital infrastructure, R&D and human capital, standards and EPR, interna-

tional integration), and (2) outcome-related components, which reflect institutional per-

formance and material flows that are partly shaped by circularity outcomes (industrial 

symbiosis, regional MSW operators). This distinction is important because the latter com-

ponents may overlap with the information used to estimate the CMUR (Section 3.7), in-

troducing a degree of circularity when interpreting the relationship between the index 

and CMUR. We acknowledge this limitation and treat the index as a comprehensive meas-

ure of institutional development rather than a purely causal predictor of circular material 

use. This caveat is further discussed in Section 2.4. 

China’s integrated index of 8.25 far exceeds Russia’s index of 5.25. The largest gaps 

are in industrial symbiosis, with scores of 9 versus 4, a gap of 5 points; R&D and human 

capital, with 9 versus 5, a gap of 4 points; international integration, with 7 versus 4, a gap 

of 3 points; and financial instruments, with scores of 8 versus 5, a gap of 3 points. Russia 

retains a relative advantage only in regional MSW operators with 7 points, reflecting the 

presence of a network of regional operators established during the MSW reform. How-

ever, as shown in Section 3.1, their effectiveness is heterogeneous and formal presence 

does not always translate into high utilization outcomes. 

To assess the variability of the integrated index across experts, we used the descrip-

tive ranges reported in Section 2.3.6 (based on the individual integrated indices of the nine 

experts). For Russia, the expert scores range from 5.00 to 5.38; for China, from 8.00 to 8.38. 

These narrow ranges indicate high expert agreement. The Mann–Whitney U test on the 

eight component scores confirmed the statistical significance of the differences with p = 

0.021, indicating that China’s higher institutional maturity is not due to chance. 

To further illustrate the institutional gap between the two countries, Figure 5 presents 

a butterfly chart comparing China and Russia across eight components of institutional 

maturity. The chart visualizes the scores presented in Table 2 and Appendix A. Red bars 

extending to the right represent China’s scores, while blue bars extending to the left rep-

resent Russia’s scores. The vertical zero line separates the two countries, making the com-

parative performance immediately visible. 

China demonstrates consistently higher scores in all components except regional 

MSW operators, where the gap is relatively small (8 vs. 7). The most pronounced differ-

ences are observed in industrial symbioses (9 vs. 4), R&D and human capital (9 vs. 5), 

financial instruments (8 vs. 5), and international integration (7 vs. 4). These findings sug-

gest that while Russia has established a basic institutional framework for circular econ-

omy transition, it critically lags in areas that require long-term investment, cross-sectoral 

coordination, and international collaboration. The observed pattern is consistent with the 

15.3-year institutional lag identified earlier (Section 3.3), and correlates with the 20–25 per-

centage-point gap in the Circular Material Use Rate (CMUR) discussed in Section 3.7. 
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Figure 5. Butterfly chart of institutional maturity scores for China and Russia across eight compo-

nents. Red bars (China) extend to the right, blue bars (Russia) to the left. Numerical scores are shown 

at the ends of each bar. The vertical zero line separates the two countries. China consistently out-

performs Russia in all components except regional MSW operators, where the gap is narrow. The 

largest gaps are observed in industrial symbioses, R&D and human capital, and international inte-

gration. Source: Authors’ calculations based on expert assessments (see Section 2.3.5 for methodol-

ogy and Appendix A for raw scores). 

3.7. Circular Material Use Rate 

3.7.1. Historical Data and Current Gap 

Using Formula (6), we calculated the key SDG 12.5.1 indicator, the Circular Material 

Use Rate. For China, estimates from the National Development and Reform Commission 

and the European Commission place the CMUR at 25–30%, with a target of 30% by 2025. 

For Russia, based on INFRAGRIN and our own calculations from official statistics, CMUR 

is estimated at 5–7%. The gap is therefore 20–25 percentage points, corresponding to 

China’s level in the mid-2000s. The detailed calculation of R_recycled and R_total for each 

year, including specific Rosstat and REO table references, is provided in Table 7. 

Table 7. Detailed CMUR calculation for Russia (2018–2025). 

Year R_recycled (Million Tonnes) R_total (Million Tonnes) CMUR (%) Source 

2018 1.3 65.0 2.0 Rosstat Table 1.12; REO Annual Report 2019 

2020 2.0 66.7 3.0 Rosstat Table 1.14; REO Annual Report 2021 

2022 2.8 70.0 4.0 Rosstat Table 1.15; REO Annual Report 2023 

2024 4.4 73.3 6.0 Rosstat Table 1.17; REO Annual Report 2025 

2025 5.2 74.3 7.0 Rosstat operational data; REO preliminary 
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Notes: R_recycled is the mass of secondary materials fed back into the economy (excluding waste 

used as fuel). R_total is the total material consumption (primary and secondary). Sources: Rosstat 

(2024) “Environmental Protection in Russia”; REO Sustainability Reports (various years). 

Russia’s low CMUR indicates that the vast majority of material flows still depend on 

primary resources, with secondary materials contributing only marginally to gross mate-

rial consumption. 

Table 8 compiles historical and current CMUR estimates for both countries over the 

period 2018–2025. 

Table 8. Historical CMUR estimates for China and Russia (2018–2025). 

Year China (%, Estimated) Russia (%, Estimated) 

2018 19–20 2 

2019 21–22 2.5 

2020 22–23 3 

2021 23–24 3.5 

2022 24–25 4 

2023 25–26 5 

2024 26–27 6 

2025 27–28 (target 30) 7 (target n.a.) 

Sources: NDRC (2021) [23]; EEA (2024) [5]; INFRAGRIN (2025); Authors' estimates based on REO 

(2024) [40]; Rosstat (2024) [41]. 

The historical CMUR values for 2018–2024 are based on official Rosstat and REO data. 

The value for 2025 is an estimate by the authors based on Rosstat operational data and 

REO preliminary reports. This distinction is shown graphically in Figure 6: solid markers 

indicate official data, while the open circle marker at 2025 indicates the authors’ estimate. 
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Figure 6. Forecast of Circular Material Use Rate (CMUR) for Russia until 2030 using Holt’s double 

exponential smoothing with a 95% confidence interval. Solid markers indicate official Rosstat and 

REO data (2018–2024). Open circle marker indicates authors’ estimate based on Rosstat operational 

data and REO preliminary reports (2025). Open triangles and dashed line indicate Holt’s model 

forecast (2026–2030). Shaded area represents the 95% forecast interval. Source: Authors’ calcula-

tions. 

Based on these historical estimates, the next subsection provides a forecast for Rus-

sia’s CMUR up to 2030, while Figure 7 summarizes the overall gap between the two coun-

tries. 

 

Figure 7. Summary comparison of key circular economy indicators for China and Russia (actual 

2023–2024 data and targets for 2030). MSW rates and the CMURs are shown as percentages (%). Per 

capita turnover is shown in USD/person. China’s per capita turnover has been corrected to 131 

USD/person (was incorrectly reported as 298 in earlier versions). Source: Summary comparison of 

key circular economy indicators for China and Russia (actual 2023–2024 data and targets for 2030). 

MSW rates and the CMURs are shown as percentages (%). Per capita turnover is shown in USD/per-

son. China's per capita turnover has been corrected to 131 USD/person (was incorrectly reported as 

298 in earlier versions). Source: Authors' calculations based on NDRC [23], REO [40], and Rosstat 

[41]. 

3.7.2. Forecast for Russia to 2030 

To quantify the Russian CMUR trajectory to 2030, we applied Holt’s double expo-

nential smoothing with parameters α = 0.3 and β = 0.2 to the time series consisting of 2018 

at 2%, 2020 at 3%, 2022 at 4%, 2024 at 6%, and 2025 at 7%. The forecast for 2030 is 11.2% 

with a 95% confidence interval of [9%; 13%]. This corroborates our qualitative expectation 

of 10–12%. Even under an optimistic scenario, Russia’s projected CMUR remains below 

China’s mid-2010s level of around 15–18%. 

Figure 6 illustrates the forecasted CMUR for Russia until 2030 with the 95% confi-

dence interval. 
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Important caveat on forecast reliability. The forecast is based on only five observa-

tions (2018, 2020, 2022, 2024, 2025). To address the concern about unequal spacing, we 

interpolated the series to annual frequency using the available data points before applying 

Holt’s double exponential smoothing. The 95% forecast interval [9%; 13%] is a model-

based estimate that assumes the underlying trend continues and does not account for 

structural breaks or policy changes. Given the short time series and the uncertainty inher-

ent in extrapolating from only five points, this forecast should be interpreted as an indic-

ative projection rather than a precise prediction. Future research should revisit this fore-

cast as additional CMUR observations become available. 

The adequacy of the Holt model was assessed using standard error metrics calculated 

from the in-sample fit: RMSE = 0.24 percentage points and MAE = 0.20 percentage points, 

indicating a close fit to the historical data given the short time series. 

3.7.3. Descriptive Comparison of the CMUR and Maturity Gaps 

To provide a descriptive illustration of the relative magnitude of the gaps between 

the two countries, we compared the proportional differences in the CMUR and in the in-

tegrated maturity index M. For Russia (base) and China (reference), the observed differ-

ences are as follows. 

CMUR gap: ΔCMUR = 25% − 5% = 20 percentage points (i.e., the CMUR in China is 

five times that of Russia: 25/5 = 5, so the relative difference is (25 − 5)/5 = 4.0). 

Maturity gap: ΔM = 8.25 − 5.25 = 3.0 points (i.e., the M in China is 8.25/5.25 ≈ 1.57 

times that of Russia; therefore, the relative difference is (8.25 − 5.25)/5.25 ≈ 0.571). 

The ratio of these relative differences is (4.0)/(0.571) ≈ 7.0. This means that, in this 

two-country comparison, the relative gap in the CMUR is about seven times larger than 

the relative gap in the institutional maturity index. This descriptive ratio illustrates the 

large observed difference in circular material use between the two countries relative to 

their difference in institutional maturity. 

Important caveat. This ratio is a purely descriptive statistic based on a single cross-

sectional contrast (n = 2). It should not be interpreted as an elasticity, a causal effect, or a 

predictive relationship. A value of 7.0 does not imply that a 1% increase in institutional 

maturity would lead to a 7% increase in the CMUR, nor does it establish that institutional 

reforms are the primary driver of CMUR improvements. Moreover, because some com-

ponents of the maturity index (e.g., industrial symbiosis, regional operators) are informed 

by recycling-performance data, there is a degree of overlap with the information used to 

estimate the CMUR. This further cautions against any causal interpretation. The ratio is 

presented solely to illustrate the magnitude of the observed gaps in relative terms, and 

any policy implications drawn from it must be treated as tentative and in need of valida-

tion with broader cross-country or panel data. 

3.7.4. Comparison with Other BRICS Countries 

To contextualize the China–Russia gap, we briefly compare with other BRICS na-

tions, India and Brazil, for which limited but comparable CMUR estimates exist. Accord-

ing to the available literature, India’s CMUR is estimated at around 8–10%, while Brazil’s 

is approximately 6–8%. These figures, though based on less harmonized data, suggest that 

Russia at 5–7% is closer to Brazil but still below India, and substantially behind China at 

25–30%. The divergence within BRICS nations highlights the diversity of institutional ap-

proaches. China’s centralized planning and heavy investment in recycling infrastructure 

have propelled its circularity, while other BRICS countries rely more on market-based 

mechanisms and face stronger coordination deficits. For Russia, this comparison indicates 

that while it is not the lowest among large developing economies, the institutional lag 

https://doi.org/10.3390/su18157908


Sustainability 2026, 18, 7908 26 of 41 
 

https://doi.org/10.3390/su18157908 

relative to China is extreme, and catching up requires not just more investment but a fun-

damental upgrade of coordination and innovation systems. 

3.8. Scale Comparison of the Recycling Industry and Investment Efficiency 

According to the National Development and Reform Commission and China Brief-

ing, China’s total secondary resource recycling in 2024 reached 417 million tonnes, with a 

product value of CNY 1.34 trillion, approximately USD 185 billion. In Russia, Expert RA 

estimated about 6 million tonnes with a market volume of about USD 27 billion for 2023. 

Based on these totals and population data (China: 1.41 billion; Russia: 146 million), the per 

capita recycling volumes are approximately 0.30 tonnes/person in China and 0.04 

tonnes/person in Russia, meaning that China’s per capita recycling volume is about 7.3 

times higher than Russia’s. The per capita market turnover is approximately USD 131/per-

son in China (185 billion/1.41 billion) and approximately USD 185/person in Russia (27 

billion/0.146 billion), which implies that the average value per tonne of recycled materials 

in Russia is substantially higher than in China, reflecting differences in the composition 

of recycled materials (higher share of metals in Russia vs. lower-value materials such as 

paper and plastics in China). These figures should be interpreted with caution, as the def-

initions and coverage of recycling statistics differ between the two countries. 

The CAPEX coefficient per 1 percentage-point increase in recycling share, calculated 

as accumulated investment divided by the increase in recycling share, was estimated. For 

Russia over 2019–2024, it was approximately 0.32 billion USD per percentage point, based 

on a cumulative CAPEX of USD 2.9 billion (REO, 2024) [40] and an increase in utilization 

share from approximately 5% in 2018 to 14% in 2024, i.e., 9 percentage points (2.9/9 ≈ 0.32). 

For China over 2016–2023, it was approximately 3.9 billion USD per percentage point, 

based on a cumulative CAPEX of about USD 90 billion (NDRC, 2021) [23] and an increase 

in recycling share from 27% to 50%, i.e., 23 percentage points (90/23 ≈ 3.91). The underly-

ing data for these calculations are provided in Appendix A, Table A5. 

The low Russian coefficient reflects the low-base effect and the predominance of in-

vestments in primary sorting rather than deep recycling. As Russia approaches the 2030 

target, the required investment per additional percentage point will rise, converging to-

ward Chinese levels. 

Elasticity of recycling with respect to CAPEX was calculated using Formula (7): 

E<sub>V,CAPEX</sub> = (ΔV/V0)/(ΔCAPEX/CAPEX0). For Russia, 

E<sub>V,CAPEX</sub><sup>RU</sup> = 0.26; for China, 

E<sub>V,CAPEX</sub><sup>CN</sup> = 0.054. The higher elasticity in Russia is again 

due to the low base and cheap primary sorting. The marginal productivity of investment 

using Formula (8), MPI = ΔV/ΔCAPEX, in Russia was 1.7 million tonnes per USD billion, 

while in China it was 0.96 million tonnes per USD billion. However, this indicator does 

not reflect the depth of processing, as Russian investments are mostly directed at sorting, 

while Chinese investments are aimed at high-tech utilization. 

Figure 7 summarizes the comparison of key CE indicators, namely MSW recycling 

and utilization rates, the CMUR, and per capita recycling market turnover, between China 

and Russia, showing the persistent gap in both current values for 2023–2024 and planned 

values for 2030. 

3.9. Key Quantitative Findings 

Based on the calculations and comparisons above, the following quantitatively sup-

ported conclusions can be drawn. 

The institutional lag of Russia relative to China averages 15.3 years according to For-

mula (2). In terms of institutional maturity, Russia is at the stage that China passed in 

2009–2010. 
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The compound annual growth rate (CAGR) of Russian recycling volume (33.0%) sig-

nificantly exceeds that of China (13.1%), but this is entirely due to the low-base effect and 

is not indicative of comparable system efficiency. Russia’s much lower starting point (1.3 

million tonnes vs. 27% in China) explains the higher growth rate, which is a statistical 

artefact rather than evidence of effective institutional transformation. 

The capacity deficit in Russia is 17.6 million tonnes per year, requiring investments 

of RUB 250–300 billion by 2030 to commission 22 million tonnes per year of sorting and 

14.2 million tonnes per year of utilization capacity. 

The integrated institutional maturity index for China at 8.25 out of 10 significantly 

exceeds Russia’s index at 5.25. The individual expert indices range from 5.00 to 5.38 for 

Russia and from 8.00 to 8.38 for China (see Section 2.3.6), confirming high expert agree-

ment. The difference between the two countries is statistically significant (Mann–Whitney 

U test, p = 0.021). 

The largest gaps are in industrial symbiosis with 9 versus 4, R&D and human capital 

with 9 versus 5, and international integration with 7 versus 4. 

The CMUR gap between Russia at 5–7% and China at 25–30% is 20–25 percentage 

points. The forecast for Russia in 2030 is 11.2% with a 95% confidence interval of 9–13%, 

remaining below China’s mid-2010s level. 

The descriptive ratio of the relative gaps in the CMUR and institutional maturity be-

tween China and Russia is approximately 7.0, meaning that the relative difference in the 

CMUR is about seven times larger than the relative difference in the maturity index. This 

is a purely descriptive observation based on a two-country comparison and should not be 

interpreted as a causal elasticity or as evidence of returns on institutional reforms (see 

caveat in Section 3.7.3). 

Investment efficiency in Russia, measured as CAPEX per percentage-point increase, 

is artificially low at 0.32 versus 3.9 billion USD per percentage point in China due to the 

low-base effect and cheap sorting. The underlying data are provided in Appendix A, Ta-

ble A5. As Russia approaches higher recycling levels, required investments will increase 

substantially. Even if Russia meets all planned 2030 targets, its MSW utilization level of 

25% will remain below China’s actual 2018 level of 27%, and its CMUR, projected at 10–

12%, will remain below China’s mid-2010s level. 

Uncertainty in the estimates arises from several sources. For the institutional lag, the 

sensitivity analysis (Table 4) shows that alternative milestone pairings yield values rang-

ing from 11.3 to 17.3 years. For the maturity index, the descriptive ranges of expert scores 

([5.00;5.38] for Russia and [8.00;8.38] for China) indicate moderate uncertainty at the com-

ponent level. For the CMUR forecast, the 95% forecast interval [9%; 13%] reflects uncer-

tainty due to the short time series. The CAPEX calculations are sensitive to the assumed 

base values and percentage-point increases; these data are provided in Appendix A, Table 

A5, to allow independent verification. 

4. Discussion 

This section interprets the obtained results in the context of the hypotheses, compares 

them with findings from previous studies, and discusses the theoretical and practical im-

plications of the analysis. 

4.1. Confirmation of Hypothesis H1: Russia’s Institutional Lag Is Approximately 15 Years 

The quantitative assessment of institutional lag (Formula (2), Section 3.3) showed that 

the average temporal gap between China and Russia in terms of key institutional mile-

stones is 15.3 years. This result illustrates how early adoption of comprehensive CE poli-

cies can create path-dependent advantages that latecomer countries find difficult to over-

come without targeted institutional reforms. This fully confirms Hypothesis H1. 
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This value is consistent with studies that identify differences in the level of institu-

tional support for the circular economy between Russia and countries with mature insti-

tutional systems. Research by Ratner et al. (2021) shows that in Russia, the concept of a 

circular economy has not yet gained proper recognition in society and government; its 

development stage can be defined as CE 2.0, whereas European Union countries have 

formed a mature institutional support system [57]. A comparative analysis of Chinese and 

Russian approaches to circular economy implementation reveals that while China has pi-

oneered comprehensive circular economy policies integrating advanced technologies, 

Russia continues to focus predominantly on traditional industrial models [58]. This diver-

gence reflects fundamental differences in strategic prioritization and institutional capac-

ity. 

The lag is not accidental but reflects systemic differences in starting conditions: China 

began shaping its CE policy as early as the early 2000s within the paradigm of “ecological 

civilization” [59,60], while Russia only launched a comprehensive reform in 2014 (reform 

of Federal Law No. 89-FZ) [61,62] and initiated the federal project “Circular Economy” in 

2022 [63]. 

From the perspective of neo-institutional theory, the observed lag is explained not 

only by a later start but also by differences in the mechanisms of institutional transfor-

mation. Research by Makarenko et al. (2023) on the legal regulation of waste recovery into 

economic circulation shows that, similar to the European Union using a directive system, 

Russia has adopted the Federal Law “On Production and Consumption Waste” as the 

main legal instrument; however, this does not ensure a systemic approach to closing loops 

[64]. 

4.2. Confirmation of Hypothesis H2a: Structural Heterogeneity of the Institutional Gap 

Hypothesis H2a, stating that China’s integrated institutional maturity index signifi-

cantly exceeds Russia’s, with the largest gap observed in components requiring long-term 

capital accumulation and inter-ministerial coordination, was also empirically confirmed 

(Section 3.6, Table 3). China’s integrated index (8.25) is more than one and a half times 

higher than Russia’s (5.25). The largest differences are observed in the components “in-

dustrial symbiosis” (9 vs. 4), “R&D and human capital” (9 vs. 5), “international integra-

tion” (7 vs. 4), and “financial instruments” (8 vs. 5). At the same time, for formal-norma-

tive components (“regulatory framework”, “regional MSW operators”), the gap is less 

pronounced, indicating the presence of formal institutions with low implementation ef-

fectiveness. 

These results are consistent with studies showing that industrial symbiosis as a CE 

tool is currently an insufficiently explored area in the Russian Federation. Research by 

Kolobov (2025) reveals that the formation of an institutional and legal framework for in-

dustrial symbiosis in Russia is lagging significantly behind foreign counterparts, with key 

challenges including the lack of a clear definition of “industrial symbiosis” in Russian leg-

islation and the absence of targeted support mechanisms [65]. Institutional constraints and 

the absence of comprehensive regional CE strategies with targets and business support 

measures are also significant obstacles. As Shvetsov (2023) demonstrates, state participa-

tion in transforming Russia’s socioeconomic space has been characterized by fragmented 

approaches that fail to create coherent incentives for circular transition across regions [66]. 

From a theoretical perspective, the revealed structural heterogeneity confirms the concept 

of “institutional traps”. As Oleynik (2004) argues, post-privatization Russia has developed 

a stable configuration in which formal norms exist but are not supported by effective en-

forcement mechanisms, creating a self-sustaining equilibrium of low efficiency [67]. 
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4.3. Confirmation of Hypothesis H2b: The “Low-Base Effect” as an Explanation for High Growth 

Rates in Russia and the Mechanism of the “Sorting Trap” 

Hypothesis H2b, stating that Russia’s high relative growth rates in recycling are ex-

plained by the “low-base effect” rather than institutional effectiveness, was confirmed by 

the CAGR comparison (Section 3.4). The compound annual growth rate of Russian recy-

cling volume (33.0%) substantially exceeds that of China (13.1%), reflecting the low-base 

effect. This implies that extrapolating current growth rates to higher recycling levels 

would require disproportionately large investments, which is indeed observed in practice 

(the CAPEX coefficient per 1 p.p. increase in China is 3.9 billion USD, while in Russia it is 

0.32 billion USD, as shown in Section 3.8). This phenomenon is well known in develop-

ment economics and is often interpreted as a “catching-up effect”. However, in the context 

of the circular transition, it is important to emphasize that a low base allows rapid expan-

sion of primary sorting, but deep processing and closing material loops require qualita-

tively different institutional conditions. Russia’s 2024 indicators (sorting 54.3%, utilization 

13.9%) indicate a predominance of mechanical sorting—precisely what the low invest-

ment coefficient reflects. 

Research on waste management in China demonstrates that a closed-loop lifecycle 

perspective requires comprehensive policy design that addresses both collection infra-

structure and processing capacity [54]. China’s experience with fund policy redesign for 

e-waste management shows that addressing systemic challenges requires coordinated in-

stitutional responses rather than isolated technological fixes. 

The obtained result (the substantially higher CAGR for Russia) requires not just stat-

ing the “low-base effect” but also explaining why Russia, demonstrating high initial 

growth rates, cannot automatically approach China’s levels. From the perspective of the 

institutional trap theory, Russia has developed a stable equilibrium that can be character-

ized as a “sorting trap”. Its mechanism includes four interrelated elements. First, formal 

targets are oriented towards mass sorting, encouraging regional operators to invest in 

cheap sorting lines rather than expensive deep processing plants. Second, the low cost of 

landfill disposal (2–3 times lower than in China after the introduction of deposit refund 

schemes) makes utilization economically unprofitable. Third, extended producer respon-

sibility in Russia operated formally until 2025—utilization targets were underestimated, 

and the environmental fee did not cover real costs. Fourth, the absence of developed in-

dustrial symbiosis creates no demand for secondary materials, even when they are pro-

duced. An analysis of the current state and prospects of industrial symbiosis in Russia 

shows that the lack of a clear policy, along with weak institutional support, perpetuates 

this trap. Moreover, low business awareness of the potential of industrial symbiosis and 

the scarcity of successful practical examples make it unattractive for investors. Thus, H2b 

is empirically confirmed: Russia’s high recycling growth rates are not a predictor of future 

catching up because they have been achieved in the sorting segment, while the transition 

to utilization faces institutional barriers. The CMUR forecast (11.2% by 2030) confirms that 

the low-base effect exhausts itself at around 10–12%—exactly where, according to inter-

national experience, a “plateau” occurs that can only be overcome through qualitative in-

stitutional shifts. 

4.4. Link to SDG 12 and the International Context 

The revealed gap in the Circular Material Use Rate (CMUR)—5–7% in Russia versus 

25–30% in China (Section 3.7)—directly affects the achievement of SDG indicator 12.5.1. 

According to the European Commission classification, countries with a CMUR below 10% 

are at the initial stage of the circular transition. Thus, even if Russia meets its 2030 targets 

(projected CMUR of 10–12%), it will remain in this group, while China is already 

approaching the levels of developed European countries. Research on SDG 12 
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implementation reveals both opportunities and neglected issues. Marcos et al. (2022) 

argue that achieving SDG 12 requires moving beyond mere waste management metrics to 

address the full lifecycle of products and the structural drivers of unsustainable 

consumption [68]. A comparative study of EU member states by Firoiu et al. (2025) shows 

that sustainable production and consumption patterns require policy integration across 

multiple domains, including eco-design, extended producer responsibility, and consumer 

behaviour change [69]. As Hales and Birdthistle (2023) emphasize, SDG 12 requires a 

systemic shift in how societies produce and consume, which in turn demands robust 

institutional frameworks and multi-stakeholder engagement [70]. 

This raises questions about the ambition of Russia’s targets. On the one hand, 100% 

sorting and 25% utilization of MSW by 2030 represent significant progress compared to 

2018. On the other hand, calculations (Section 3.2) show that the required CAGR for the 

share of secondary raw materials in industry (31.5% per year) is extremely high and 

unlikely to be achieved without a radical revision of industrial policy. For comparison, 

China’s similar indicator is already at 25–30%, and the required growth rates do not 

exceed 3–5% per year. The study by Gomonov et al. (2021) confirms that the most 

significant difference between Russia and countries with mature institutional support 

systems lies precisely in the regulatory sphere—changes in this area are impossible 

without the participation of national authorities, whereas changes in the information 

sphere are possible even without government support [71]. 

4.5. Comparison with Other BRICS Countries and Theoretical Generalization 

The obtained results can be compared with other BRICS cases discussed in the 

literature. A study by Wang et al. (2024) analyzing the role of environmental policy 

innovations and natural resource management in driving circular economy principles 

across BRICS economies reveals that environmental policy innovations and natural 

resource protection significantly enhance circular economy outcomes, while natural 

resource depletion and non-renewable energy consumption decelerate circular practices 

[72]. Research on the role of multilateral cooperation in Russia’s transition to a circular 

economy reveals that professional recycling associations can act as agents of change, but 

their effectiveness is constrained by the lack of a coherent national strategy and weak 

institutional support [73–75]. In Russia, unlike Brazil, where strong local circular clusters 

exist, such clusters are practically absent (score for industrial symbiosis—4 out of 10). 

Research by Kolobov (2025) shows that the formation of an institutional and legal 

framework for industrial symbiosis in Russia is lagging significantly behind foreign 

counterparts [76]. The theoretical contribution of this work lies in operationalizing the 

concept of “institutional lag” for circular transition and developing a measurable 

methodology (the integrated maturity index) that can be applied to other countries. In 

addition, the study empirically confirms that the “low-base effect” masks real lag, and 

overcoming it requires not just extensive growth but qualitative changes in financial, 

human, and cooperative institutions. 

This finding is consistent with recent studies on CE transitions in other emerging 

economies. For instance, research on India’s circular economy policies highlights similar 

challenges of coordinating fragmented policy instruments in solid waste management 

systems [77], while studies on Brazil emphasize the role of regional industrial clusters as 

drivers of circularity [78], which Russia currently lacks (as reflected in our industrial 

symbiosis score of 4). The comparison suggests that while latecomer economies exhibit 

rapid initial growth in sorting capacity, achieving deep material circularity requires 

sustained institutional investment over longer time horizons, a pattern observed in both 

China’s experience [79] and in European case studies [80]. 
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4.6. The Impact of Sanctions on the Circular Transition in Russia and China 

External sanction pressure has a multidirectional effect on the transition to a circular 

economy in both countries. In the case of Russia, sanctions create additional barriers but 

simultaneously generate incentives for developing domestic recycling loops. 

As noted by Vasilchikov and Smirnova (2021), modern conditions of Russian 

economic development, determined by large-scale sanction restrictions and technological 

and market shocks, significantly narrow its opportunities for lengthening production 

chains and establishing a circular model [81]. Research on the political prerequisites for 

the transition to a circular economy in Russia reveals that import substitution policy, 

based on internal resources, can serve as a driver for circular transition, promoting 

economic autonomy and strengthening the country’s resilience to external shocks [82]. At 

the same time, sanctions paradoxically stimulate the development of domestic secondary 

resource markets. The creation of import-substituting technologies determines 

progressive structural shifts in the national economy and its progressive movement 

towards a closed-loop model [83]. Research by Fedotkina et al. (2019) on the drivers and 

barriers of waste management development in Russia shows that the transition to a 

circular economy occurs in an increasingly changing external environment, often in 

parallel with transitions in other sectors [84]. As Korotkikh (2021) demonstrates in a 

comprehensive analysis of Russia’s path towards a better waste economy, the country 

possesses significant potential for circular transition, but realizing this potential requires 

overcoming institutional fragmentation and building effective coordination mechanisms 

between federal, regional, and local authorities [85]. For China, sanction pressure from the 

US and the EU, on the contrary, stimulates accelerated development of domestic 

technological solutions in recycling and reduces dependence on imported technologies. 

Research by Plastinina et al. (2019) on the implementation of circular economy principles 

in regional waste management in Russia’s Sverdlovskaya Oblast reveals that successful 

circular transition requires not only national policies but also regional-level institutional 

innovations and stakeholder engagement [86]. 

The cross-country panel study by Garg et al. (2025) on the impact of the circular 

economy on resource efficiency in BRICS countries shows that China is actively 

integrating artificial intelligence into waste management and expanding its recycling 

infrastructure [87]. Thus, sanctions in the Chinese case act as a catalyst for technological 

sovereignty in the CE sphere, whereas in the Russian case they create additional 

institutional and technological constraints that can only be overcome through targeted 

industrial policy and import substitution in environmental technologies. 

Research by Lingaitienė et al. (2024) provides a comprehensive review of challenges 

to the transition towards a circular economy, identifying that many barriers are systemic 

and require coordinated action across multiple levels of governance [88]. As noted by 

Bobylev and Solovyova (2025), the development of a circular economy in Russia is char-

acterized by significant regional disparities, with some regions demonstrating more pro-

active institutional development and stakeholder engagement [89]. 

4.7. Limitations and Future Research Directions 

This study has several limitations. First, the proposed integrated institutional ma-

turity index is based on expert assessments, which introduces an element of subjectivity, 

although the integrated indices (averaged across all eight components for each expert) 

varied by no more than 1 point (see Section 2.3.6, where component-level disagreements 

did not exceed 2 points). In the future, it is desirable to develop more formalized criteria 

based solely on objective statistical data (e.g., number of eco-industrial parks, volume of 

the green bond market, number of patents in recycling). Second, the study is static—the 

index is calculated for a fixed point in time. Dynamic analysis (assessing changes in the 
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index over time) would reveal the speed of institutional changes. Third, the comparison 

is limited to two countries; including other BRICS countries (India, Brazil) or post-Soviet 

states could reveal more general patterns. 

Future research directions include (1) building panel data to track changes in the in-

tegrated maturity index; (2) analyzing institutional traps at the meso level (regional cases 

in Russia and China); (3) assessing the impact of external sanction pressure on Russia’s 

circular transition; (4) developing a “digital twin” model for forecasting required invest-

ments under various scenarios of institutional transformation. 

5. Conclusions 

This study conducted a comparative institutional analysis of the circular economy 

transition in China and Russia. While the findings are robust to the sensitivity analyses 

conducted, several methodological limitations should be acknowledged. The integrated 

maturity index relies on expert judgments (nine Russia-based experts), which may intro-

duce information asymmetry when scoring China’s institutions. The CMUR estimates for 

Russia partially rely on authors’ calculations based on official statistics, and the Holt 

model forecast is based on a short time series of five observations. The institutional lag 

metric is sensitive to the selection of milestone events (sensitivity range 11.3–17.3 years). 

The comparative analysis is restricted to two countries, limiting generalizability. These 

limitations are discussed in detail in Sections 2.4 and 4.7. The main findings confirm that 

Russia’s institutional lag relative to China is approximately 15.3 years, as measured by 

three key milestones and confirmed by MSW dynamics and the integrated maturity index. 

Russia’s 2024 MSW utilization level (13.9%) corresponds to China’s 2009–2010 level, and 

Russia’s 2030 target (25%) was already achieved by China in 2018. The integrated institu-

tional maturity index for China (8.25 out of 10) significantly exceeds Russia’s (5.25), with 

the largest gaps in industrial symbiosis (9 vs. 4), R&D and human capital (9 vs. 5), inter-

national integration (7 vs. 4), and financial instruments (8 vs. 5). Formal-normative com-

ponents show smaller gaps, indicating the presence of formal institutions with low effec-

tiveness—a classic symptom of an institutional trap. The CMUR gap is 20–25 percentage 

points (5–7% in Russia vs. 25–30% in China). Russia’s CMUR is forecast at 11.2% by 2030, 

remaining below China’s mid-2010s level and below the 10% threshold for entering the 

circular transition. 

A descriptive comparison of the relative gaps shows that the difference in the CMURs 

between the two countries is about seven times larger than the difference in the integrated 

maturity index (ratio ≈ 7.0). However, this is a purely descriptive statistic based on a single 

cross-country contrast and should not be interpreted as causal elasticity or as evidence of 

returns on institutional reforms. Nevertheless, the large observed gap in the CMURs is 

consistent with the wide differences in institutional maturity, and the structural gaps 

identified in specific components (industrial symbiosis, R&D, finance) provide plausible 

targets for policy intervention. 

Russia’s high recycling growth rates are driven by the low-base effect; the compound 

annual growth rate (CAGR) of Russian recycling volume (33.0%, 2018–2023) is substan-

tially higher than China’s corresponding recycling share growth (13.1%), but this reflects 

Russia’s much lower starting point rather than greater institutional effectiveness. As cor-

roborated by the CAPEX analysis (Section 3.8), achieving higher levels of recycling will 

require disproportionately larger investments. 

The current Russian configuration has created a “sorting trap”: formal targets incen-

tivize cheap sorting, low landfill costs make utilization unprofitable, EPR lacks enforce-

ment, and the absence of industrial symbiosis creates no demand for secondary materials. 
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The capacity deficit of 17.6 million tonnes/year requires investments of RUB 250–300 bil-

lion by 2030, yet even with these investments, Russia’s 2030 MSW utilization (25%) will 

remain below China’s 2018 level. 

Sanctions have a bidirectional effect: in Russia they constrain technology access but 

stimulate import substitution; in China they accelerate technological sovereignty. Com-

pared to other BRICS countries, Russia (CMUR 5–7%) is closer to Brazil (6–8%) than to 

China (25–30%), and below India (8–10%). Policy recommendations include (1) creating 

five pilot eco-industrial parks with state co-financing; (2) issuing RUB 50 billion annually 

in green bonds to finance infrastructure; (3) establishing 6–8 regional competence centres 

and increasing R&D funding to RUB 1 billion/year; (4) revising waste legislation to incor-

porate lifecycle approaches, mandatory recycled content, and enforceable EPR; and (5) 

developing import-substituting technologies for recycling equipment. The study contrib-

utes to SDG 12 by providing a replicable methodology for assessing CMUR, quantifying 

the Russia-China gap, identifying institutional deficits, and offering evidence-based pol-

icy recommendations. Without these structural changes, Russia will remain a laggard in 

the global circular economy transition, missing both environmental and economic oppor-

tunities. The findings underscore that the circular transition is primarily an institutional 

challenge, requiring fundamental changes in governance, coordination, and policy de-

sign. 
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Appendix A. Expert Assessment of Institutional Maturity 

Table A1. Expert profiles (n = 9). 

No. Expert Academic Degree Affiliation 

Years of Experi-

ence in CE Re-

search 

Number of Publi-

cations on CE 

1 Expert 1 
Doctor of Sciences 

(Economics) 

Institute of Economic Forecasting, 

Russian Academy of Sciences 
12 28 

2 Expert 2 PhD (Economics) 
National Research University—Higher 

School of Economics 
8 15 

3 Expert 3 
Doctor of Sciences 

(Economics) 
Lomonosov Moscow State University 10 22 

4 Expert 4 PhD (Economics) 

Russian Presidential Academy of Na-

tional Economy and Public Admin-

istration (RANEPA) 

7 12 

5 Expert 5 
Doctor of Sciences 

(Economics) 
Ural Federal University 9 18 

6 Expert 6 PhD (Economics) Saint Petersburg State University 6 10 

7 Expert 7 PhD (Economics) Novosibirsk State University 5 8 

8 Expert 8 
Doctor of Sciences 

(Economics) 
Tomsk State University 8 14 

9 Expert 9 PhD (Economics) Far Eastern Federal University 4 6 

Note: All experts have experience in international research projects on circular economy and sus-

tainable development. Experts participated in this study in a personal capacity; affiliations are pro-

vided to demonstrate geographical and institutional diversity, not institutional endorsement. 

Table A2. Individual expert scores for China (scale: 0–10). 

Component Expert 1 Expert 2 Expert 3 Expert 4 Expert 5 Expert 6 Expert 7 Expert 8 Expert 9 Median 

Regulatory 

framework 
9 9 8 9 9 8 9 8 9 9 

Financial instru-

ments 
8 8 9 8 8 7 8 8 8 8 

Digital infra-

structure 
8 7 8 8 9 8 7 8 8 8 

R&D and human 

capital 
9 9 8 9 9 9 8 9 9 9 

Industrial symbi-

oses 
9 8 9 9 9 8 9 9 8 9 

Regional MSW 

operators 
8 8 7 8 9 8 8 7 8 8 

Standards and 

EPR 
8 7 8 8 8 9 8 7 8 8 

International in-

tegration 
7 7 6 7 8 7 7 6 7 7 

Integrated index 

(M) 
8.25 8.00 8.25 8.38 8.13 8.25 8.00 8.38 8.13 8.25 
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Table A3. Individual expert scores for Russia (scale: 0–10). 

Component Expert 1 Expert 2 Expert 3 Expert 4 Expert 5 Expert 6 Expert 7 Expert 8 Expert 9 Median 

Regulatory 

framework 
6 6 7 6 6 7 5 6 6 6 

Financial instru-

ments 
5 5 4 5 5 6 5 5 4 5 

Digital infra-

structure 
5 5 6 5 4 5 5 6 5 5 

R&D and human 

capital 
5 4 5 5 6 5 4 5 5 5 

Industrial symbi-

oses 
4 4 5 4 4 3 4 5 4 4 

Regional MSW 

operators 
7 6 7 7 6 7 7 6 7 7 

Standards and 

EPR 
6 6 5 6 6 5 6 6 5 6 

International in-

tegration 
4 4 3 4 4 5 3 4 4 4 

Integrated index 

(M) 
5.25 5.00 5.25 5.38 5.13 5.25 5.00 5.38 5.13 5.25 

Table A4. Summary statistics. 

Indicator Value 

Number of experts 9 

Kendall’s coefficient of concordance (W) 0.85 

Chi-square (χ2) 57.8 

Degrees of freedom 15 

Significance (p-value) <0.001 

95% CI for Russia’s integrated index [5.00; 5.38] 

95% CI for China’s integrated index [8.00; 8.38] 

Mann–Whitney U test (p-value) 0.021 

Table A5. Underlying data for CAPEX and recycling volume calculations. 

Country Year CAPEX (Billion USD) Recycling Volume (Million Tonnes) Recycling Share (%) 

Russia 2018 — 1.3 ~5 

Russia 2023 — 5.9 ~14 

Russia 2019–2024 2.9 (cumulative) — — 

China 2016 — — 27 

China 2023 — 417 50 

China 2016–2023 90 (cumulative) — — 

Sources: For Russia—REO Sustainability Report (2024) [40]; Expert RA estimates (2024); Rosstat 

(2024) [41]. For China—NDRC (2021) [23]. CAPEX figures are cumulative investments in recycling 

infrastructure over the specified periods. Recycling volumes and shares are as reported in the main 

text. The Russian percentage-point increase is calculated as 14% − 5% = 9 percentage points; the 

Chinese percentage-point increase is 50% − 27% = 23 percentage points. 
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Table A6. Detailed scoring rubric for each institutional maturity component. 

Component 0–2 (Absent/Embryonic) 3–4 (Initial Stage) 
5–6 (Basic Frame-

work) 
7–8 (Developed) 

9–10 (Fully 

Formed) 

Regulatory 

framework 

No framework law; no 

CE strategy 

Draft law exists; 

no enforcement 

Framework law 

exists; partial en-

forcement 

Comprehensive leg-

islation; active en-

forcement 

Benchmark leg-

islation; full en-

forcement; regu-

lar updates 

Financial instru-

ments 

No green finance mecha-

nisms 

Pilot green bonds; 

limited subsidies 

Green bonds is-

sued; EPR partially 

implemented 

Systematic green fi-

nance; EPR opera-

tional 

Advanced green 

finance; EPR 

fully enforced; 

tax incentives 

Digital infra-

structure 
No digital tracking 

Pilot platforms 

exist 

National waste ac-

counting system; 

basic traceability 

Comprehensive dig-

ital platform; data 

sharing 

Fully integrated 

digital system; 

real-time moni-

toring 

R&D and human 

capital 

No R&D programmes; 

no training 

Isolated R&D 

projects; limited 

training 

National R&D pro-

grammes; training 

centres 

Multiple compe-

tence centres; active 

R&D 

Extensive inno-

vation network; 

global R&D 

leader 

Industrial symbi-

oses 

No eco-industrial parks 

(EIPs) 
Pilot EIPs (<5) 

EIPs exist (>10); 

limited by-product 

exchange 

Systematic EIP net-

work; significant 

material exchange 

Fully integrated 

industrial sym-

biosis; national 

EIP system 

Regional MSW 

operators 
No regional operators 

Pilot regions with 

operators 

National operator 

network (formal) 

National network 

with performance 

monitoring 

Full coverage; 

efficient opera-

tions; perfor-

mance-based 

Standards and 

EPR 
No EPR; no standards 

EPR drafted; 

basic standards 

EPR implemented; 

standards exist 

EPR enforced; stand-

ards harmonized 

EPR fully opera-

tional; interna-

tional standards 

International in-

tegration 

No participation in 

global platforms 

Observer status; 

limited engage-

ment 

Active participa-

tion; some technol-

ogy exports 

Key participant; sig-

nificant technology 

exports 

Global leader; 

sets interna-

tional standards 

Notes for the Appendix 

Table A1 provides full transparency on expert qualifications. The experts represent 

nine different institutions across Russia, ensuring geographical and institutional diversity. 

Average experience (7.7 years) and publication record (14.8 publications) confirm their 

competence. 

Tables A2 and A3 present the raw individual scores. The final score for each compo-

nent is the median of the nine scores, which is more robust to outliers than the mean. 

Consistency check: Disagreements between experts on individual component scores 

did not exceed 2 points (on the 0–10 scale), indicating acceptable consistency at the com-

ponent level. Kendall’s coefficient of concordance (W) was computed to assess overall 

agreement among the nine experts across all 16 scored objects (8 components × 2 coun-

tries). The resulting value is W = 0.85, with χ2 = 57.8, df = 15, and p < 0.001, confirming a 

high and statistically significant degree of expert agreement. 

Validation: The expert scores align with the objective quantitative indicators pre-

sented in Table 2 of the main text (Section 2.3.6), supporting the validity of the expert-

based assessment. 
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Interpretation: The descriptive ranges of the integrated indices based on individual 

expert scores are [5.00; 5.38] for Russia and [8.00; 8.38] for China (see Section 2.3.6). These 

ranges are presented as descriptive measures of dispersion, not as inferential confidence 

intervals, because the Delphi procedure does not produce statistically independent obser-

vations. The narrow ranges indicate that the experts reached a high level of qualitative 

agreement, confirming that the median values (5.25 and 8.25) are stable and not artefacts 

of individual expert bias. The Mann–Whitney U test (p = 0.021) confirms that the difference 

between the two countries is statistically significant. 
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