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A B S T R A C T   

This paper analyzes cyclic and transferring maximal pathways in some natural and human-built process struc-
tures to show how the essential features of recycling based conservation are embedded in natural systems, and 
how these lessons can be implemented in human-built systems, consciously. Having studied an example bio-
system and ecosystem, it was found that i) local open transferring routes result in cycles at the system level; ii) 
the diversified species are built from a restricted pool of fundamental components; iii) assembly and disassembly 
are coordinated by symmetrical structural patterns; iv) recycling is supported by storage, resulting in average 
composition. Conscious applications of these features are discussed for the carbon emission-free hydrogen energy 
cycle; for a published case study on grocery bag recycling and for possible assembly-disassembly logistics of 
electronic waste reprocessing. The household waste-related example also illustrates how process net structure 
can be applied for the generation of the respective dynamic model.   

1. Introduction 

Considering the global challenges of depleting resources and accu-
mulating waste reservoirs, Bio-based Circular Economy has gained high 
interest in the past years (BioFuture Platform, 2018; Ellen MacArthur 
Foundation, 2019). In the analysis of the lessons from biosphere for 
anthroposphere, we may start from the big picture of the main inter-
acting sub-systems in Fig. 1. 

To manage the various risks and threats, humanity needs to learn 
useful principles from recycle structures of biosphere to generate new 
practical solutions. 

Effective interventions, inspired and supported by nature, have to 
manage recent challenges to conserve and recirculate materials with the 
possible minimum waste generation (Debele et al., 2019; European 
Commission, 2021). This endeavor has already appeared in several 
fields, referred with various terminologies with slightly different focus, 
such as  

• Nature-based solutions (e.g. Kumar et al., 2021; Langemeyer et al., 
2021) that mainly refer to solutions that use ecosystem as infra-
structure, e.g. for coastal protection against climate change related 

hazards (US Army Corps of Engineers, 2013; Hynes et al., 2022), for 
water pollution control (Liquete et al., 2016), or for land and land-
scape management strategies (Keesstra et al., 2018).  

• Nature-inspired solutions, where terminology refers to innovative 
design and production methods to create materials, structures or 
systems (e.g., biomimicry in Venkata Mohan et al., 2019 or in Tate 
et al., 2019; inspiration from nature for the economy from firm to 
global level in van den Bergh, 2020; bio-inspired nested architectures 
for industrial symbiosis in Chatterjee et al., 2021). Van den Bergh 
(2020) point out also the adaptation difficulties and drew attention 
to the fact that even in the case of adaptation, humanity can expect to 
reach only a “semi-circular” economy. 

An interesting circularity-related analysis of complex issues for pol-
icy design is discussed by Sterner et al. (2019). Zeng and Li (2021) 
reviewed the emergence of anthropogenic circularity science and pro-
posed three laws of circularity chemistry for the basic principles of 
circularity science. Referring also to these three laws, anthropogenic 
circularity, as a new interdisciplinary science is emphasized by Zeng 
(2023). In this paper, authors focus on anthropogenic circularity in the 
context of metal criticality and carbon neutrality. 
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To demonstrate and promote favorable solutions, the engineering 
analysis, planning and operation of complex man-made systems 
require appropriate models for the underlying large-scale, long-term 
transdisciplinary processes. The main types of modeling approaches, 
supporting problem-solving for the emerging systems of (optionally Bio- 
based) Circular Economy are the following:  

• There are discipline-specific process modeling frameworks and tools 
for the detailed analysis, planning and design of the various local 
sub-systems of circular processes, for example: in chemical engi-
neering: (gPROMS, 1997–2020); in civil and environmental engi-
neering: Activated Sludge Model (Henze et al., 1987) and Anaerobic 
Digestion Model (Batstone et al., 2002); in soil-related and hydro-
logical processes Soil & Water Assessment Tool (Gassman et al., 
2007); in agriculture Agricultural Production Systems Simulator 
(Holzworth et al., 2014) or STICS (Brisson et al., 2009); in fisheries 
Ecopath with Ecosim (Christensen and Walters, 2004); etc.  

• The control and operation of well outlined complex systems, is 
supported by the new generations of sensors, Internet of Things and 
data analytics based methods of Information Technology and Arti-
ficial Intelligence also in agriculture (e.g. Kamilaris et al., 2017); and 
in environmental engineering (e.g. Izquierdo et al., 2018).  

• For the upper level, optionally multi-criteria (economic, ecologic, 
etc.) evaluation of the complex processes, the applied approach 
usually embeds a simplified model into the exact optimization of the 
whole system. For example, the Mixed Integer Linear or Non-linear 
Programming (MILP or MINLP) based optimization is used for 
Water-Food-Energy-Ecosystem processes (Veintimilla-Reyes et al., 
2019; Namany et al., 2020). Recently, the techno-ecological 
approach also considers the ecosystem in the multi-objective opti-
mization of sustainable industrial process systems (Hanes et al., 
2018). 

However, obvious gaps appear in the integration of the above 
models, especially at the following points:  

• Between the discipline-specific models: Several efforts were made to 
couple various sub-models (e.g., biogeochemical and hydrological 

processes in Cipolla et al. (2021); or hydrologic model with an 
agronomic model in Deng et al., 2021, etc.). Besides case-specific 
solutions, model integration approaches also appeared (e.g. 
OpenMI by Open Geospatial Consortium, FMI by Modelica Associa-
tion, etc.). In spite of these efforts, model integration is still a chal-
lenging task (Huynh, 2016; Deng et al., 2021).  

• Between the sophisticated discipline-specific models and the lower- 
level data analytics based models: Regardless to applications from 
manufacturing industry to economics (e.g. Johnson et al., 2016; 
Feldkamp et al., 2017; Greasley, 2018; Sharif et al., 2018; Shao et al., 
2020; etc.), new frameworks are needed, where data analytics based 
models support the fast refinement of dynamic model parameters, 
while dynamic models uncover hidden causal relationships behind 
data analytic models.  

• Between the sophisticated discipline-specific models and the upper 
level evaluation/optimization of complex, trans-sectorial systems: 
Hybrid LCA (Suh, 2004) and Process-to-Planet (Hanes and Bakshi, 
2015) frameworks links multiple scales for the sustainability related 
evaluation and for process design. Various other case specific solu-
tions are also reported (e.g. Bisinella de Faria et al., 2015; Lan and 
Yao, 2019; Marvuglia et al., 2022), however, there is not a generally 
usable bi-directional feedback. 

We assume that there is a common reason for the above gaps, 
namely, the existing methodologies do not support the unified combi-
nation of the explicit structural characteristics with the causally estab-
lished dynamic balances. Programmable Process Structures (PPS) 
proved to be an effective framework for modeling and simulation- 
based analysis, design and planning in several former tasks (e.g. 
Varga and Csukas, 2022, 2017; Varga et al., 2017; Audino et al., 2020; 
Yang et al., 2019). 

The further development needs to learn more about the recycling 
structures of conservational processes. Accordingly, the objectives of 
this paper are to:  

• analyze some interesting recycle structures of natural processes in 
the biosphere; 

Fig. 1. Big picture of Bio-based Circular Economy.  
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• derive recycling-based and conservation related principles from 
these structures;  

• illustrate the application of these principles in recycle structures of 
human-built processes in anthroposphere; as well as  

• show a simple example about how PPS of dynamic simulation can be 
generated from the applied process net structures. 

The novelty of our recent work is threefold: i) it explains how the 
structural analysis of maximal (transferring and cyclic) pathways in 
natural systems can be applied to derive recycling-related, conservation- 
based principles; (ii) it shows how these nature-inspired principles do 
appear and can be embedded in man-made circular processes, 
consciously; iii) furthermore, it illustrates how the simple state- 
transition nets can be transformed into a unified Programmable Pro-
cess Structure for the more detailed dynamic simulation based analysis 
and planning. 

2. Studied example recycle systems and applied methods 

2.1. Examples for recycling processes in biosphere 

To study the structural characteristics and to illustrate the embedded 
recycling loops in nature, we utilize two different examples, as follows: 

The biosystem example focuses on some core functionalities of 
chloroplast and mitochondria. They have key role in energy and mate-
rial supply chains of cellular biosystems. The related well-known ar-
chitectures can be studied as sub-systems of biochemical pathways 
(Michal, 1999 and 2014). This example is the further development of the 
analysis of these cellular organs in an early paper (Varga, 2007). 

The ecosystem example analyzes a typical natural land patch 
(without human intervention) where trees, plants and optionally ani-
mals coexist. The main driver of the long-term sustainable survival of 
this ecosystem is the solar radiation, captured by plants and trees. In 
addition, solar energy promotes evapotranspiration and precipitation 
via the meteorological system. In previous works on various ecosystem 
involving agroforestry (Varga et al., 2021) and pond aquaculture (Varga 
et al., 2020) systems, we investigated the related processes in a deeper 
level by developing simplified but dynamic and causally right first 
principles-based models of the respective systems. This paper focuses on 
the recycling related example features of the formerly built models. 

2.2. Examples for recycling processes in anthroposphere 

In the first example, the perspective use of solar radiation based 
hydrogen energy (Miranda, 2018) through electrical energy and elec-
trolysis is analyzed. Actually, photovoltaic systems, hydro-power and 
wind energy are fluctuating and limited resources, while the artificial 
chloroplast (e.g. Barras, 2020) develops slowly. Burning of fossil re-
sources or freshly produced biomass result in carbon-dioxide emission. 
Accordingly, regardless of safety concerns, humanity produces surplus 
electrical energy also in nuclear reactors, temporarily. However, the 
limited storage of electrical energy is to be considered, especially in 
context of seasonal and fluctuating changes of sustainable resources. 
This is the very point where hydrogen energy (produced by electrolysis) 
gives a feasible solution. Here we also considered the experiences from 
our previous works related to hydrogen supply chain modeling (Varga 
and Csukas, 2018; Varga et al., 2019). 

In the second illustrative example, the structure of household-used 
plastic and paper carrier bags is discussed, as an interesting case of 
recycling of municipal waste. Carrier bags form a large component of 
discarded and mismanaged plastic waste whose value can be retained 
through a sustainable and circular economy (Thakker and Bakshi, 
2021a). A novel design framework (Thakker and Bakshi, 2021b) was 
applied to design optimal value chains based on a superstructure 
network containing cradle-to-cradle life cycles of some currently avail-
able carrier bag alternatives. The applied metrics constituted the 

objectives of the framework, and Pareto optimal solutions were found. 
The paper versus plastic dilemma was quantified and the prospects of 
bio-based poly-(lactic acid) bags were also studied. 

In the third example, we study the structure for recycling based 
conservation of typical inorganic resources. Considering the tradition-
ally mining-based raw materials, the increasing production of electronic 
goods has caused serious crisis in the market of some rare (e.g. rare 
earth) elements (e.g., Yao et al., 2021). This is another case, where 
mankind ought to utilize the principles of recycling based conservation, 
learnt from natural processes. 

2.3. Methods for structure representation of process systems 

In the graph representation of general nets (Petri, 1980), the state 
and transition nodes are distinguished by dots and bars, respectively, as 
it is illustrated in Fig. 2a. This structure describes the flux structure of 
various transformation or transportation networks, correctly. Here the 
state → transition and transition → state edges correspond to the 
respective decreasing and increasing quantities, but the causalities are 
not visible. However, in the state / transition nets of signals and rules, 
the state → transition and transition → state edges follow the causalities, 
determined by antecedent and consequent signals. Fluxes and causalities 
can be represented together (Varga et al., 2017) in a special process net 
structure (see in Fig. 2b) that distinguishes the causally determining 
signaling connections (dotted lines), as well as the increasing or 
rewriting (solid lines) and decreasing (dashed lines) connections. 

More details to Section 2.3 are in the Part S1 of Supplementary 
materials. 

The constant and conservational measures can only be defined 
axiomatically. Accordingly, a measure C is model-specific conservation- 
law-based constant measure if and only if (IFF): any ΔC change of the 
measure C in any finite spatial region V, during any time interval is al-
ways accompanied by the identical change of the same measure in the 
universal complement U/V, with an opposite sign. The model-specific 
conservation-law-based stoichiometric measures (shortly conserva-
tional measures) can be derived from the model-specific constant 
measures according to a homogeneous linear relationship, defined by 
the model-specific stoichiometric coefficients (see Part S1 of Supple-
mentary materials). 

Based on the special process net structure and on the notion of 
conservational measures, in PPS (Varga and Csukas, 2022) the state 
elements (symbolized by ellipses) and transition elements (symbolized 
by rectangles) contain input and output connectors for the “conserva-
tional” and signaling connections, separately (see in Fig. 2c). PPS can be 
generated from the special process net structure, using one state and one 
transition meta-prototypes, resulting in a unified, extensible and 
connectible model for integrated, but distinguished consideration of 
conservational and informational (signaling) processes. 

In the systemic view of circularity, the process nets can be charac-
terized by the so-called maximal routes (Arva and Csukas, 1988 and 
1989; Csukas et al., 1989). A route is a complete transferring route, if 
and only if (IFF) its first element is an input element, while its last 
element is an output element. A route is a complete cycle, IFF its first 
element and its last element are identical. For example in the process 
structure of Fig. 2 maximal transferring routes are 

{s1→t1→, s3→t2→s5}

{s2→t1→, s3→t2→s5}

{s4→t2→s5}

while a complete cycle is 

{s2→t1→, s3→t2→s2}
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3. Results and discussion 

The examples for the analysis of structural features in recycling- 
based conservation processes are illustrated mainly by the conven-
tional process net representation, according to Fig. 2a and to Eqs. (S1.1), 
(S1.2) in Part S1 of Supplementary material. However, in the example of 
Section 3.3.2, also the causality-expressing extended structure (Fig. 2b) 
based generation and simulation of a PPS (Fig. 2c), will be explained. 

3.1. Analysis of recycling-based conservation in natural process structures 

In the following sections, the natural example systems, introduced in 
Section 2.1, will be analyzed. 

3.1.1. Cellular energy and material supply structures 
Extracted from the biochemical pathways (Michal, 1999 and 2014) 

and from KEGG database (http://www.kegg.jp), in Fig. 3 the simplified 
essential structure of chloroplast (shown in regular fonts) and 

mitochondria (shown in italics) are illustrated. It is to be noted that 
Fig. 3 does not include all of the components and reactions, but displays 
only the simplified main pathways to highlight the essential maximal 
routes. In Fig. 3, state elements (dots) refer to components, while tran-
sition elements (bars) refer to actual transportations and trans-
formations. The comprehensive lists of state and transition elements, as 
well as of the maximal transferring and cyclic pathways are listed in Part 
S2 of Supplementary material. 

Chloroplast utilizes solar radiation to split water into oxygen, pro-
tons and electrons. Mitochondria produces heat energy by oxidation of 
hydrogen (protons and electrons) to water, utilizing externally supplied 
oxygen. 

In chloroplast, protons and electrons supply hydrogen for the syn-
thesis of metabolites (in the Calvin cycle), with an accompanying 
external carbon-dioxide usage. In mitochondria, the protons and elec-
trons for H2O production come from the Szentgyörgyi-Krebs (TCA) 
cycle, where a given part of metabolites is decomposed with external 
carbon-dioxide emission. 

Fig. 2. From process nets to Programmable Process Structures.  

Fig. 3. Essential symmetrical transferring routes and complete cycles 
in chloroplast (normal fonts) and mitochondria (italics), transitions’ names start with “t_” prefix. 
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Chloroplast and mitochondria are well known systems in literature, 
so they exemplify well the usability of maximal pathway analysis. In this 
case, structural analysis draws the attention to the interesting point that 
all connections have reversed direction in chloroplast and in mito-
chondria, except of ADP+P and ATP flows, because ATP pump produces 
chemical energy in both systems. It is worth mentioning that all of local 
recycle loops are organized symmetrically. 

Both chloroplast and mitochondria realize the inside conservation of 
atoms, except the environmentally imported or exported H2O, O2 and 
CO2. However, having connected the sub-systems, the whole virtual 
system has also the capability to maintain the conservation for these 
environmental components. Accordingly, the overall process utilizes 
only photons (from the unlimited outer resource) and produces heat and 
chemical energy (ATP → ADP+P) for continuous composition and 
decomposition (i.e., for continuous recycling) of the underlying stoi-
chiometric compounds of biosphere. 

Main transferring route (as alternating series of state and transition 
elements) in the virtually connected hypothetical system of chloroplast 
and mitochondria (conversion of solar energy to heat energy with in-
termediate CHO storage) is as follows:  

{Photon→t_H2Odec→E-_recirc→t_PQH→PQH→t_PQ→E- 
→t_NADP→NADPH→t_Calvin_cyle→CHOpool+}→ 
{CHOpool+→t_TCA_cycle→NADH2_FADH2→t_NAD_FAD→E- 
→t_UQH→UQ→t_UQ→E-recirc→t_H2Oprod→Heat}                                

The main cycles in the virtually connected hypothetical system of 
chloroplast and mitochondria are not connected in individual living 
systems, but only in ecosystem level, as follows:  

• Overall water decomposition and composition based hydrogen cycle 
of photosynthesis and respiration (highlighted by red arrows in 
Fig. 3):  

{env_H2O→t_H2O→H2O→t_H2Odec→H+→t_Pump→_H+recirc→t_NA-
DP→NADPH→t_Calvin_cyle→CHOpool+}→{CHOpool+→t_TCA_cy-
cle→NADH2_FADH2→t_NADH_FAD→H+recirc→t_Pump→H+→t_H2O-
prod→H2O→t_H2O→env_H2O}                                                               

• Overall oxygen cycle:  

{env_O2→t_O2→O2→t_H2Oprod→H2O→t_H2O→env_H2O}→ 
{env_H2O→t_H2O→H2O→t_H2Odec→O2→t_O2→env_O2}                        

• Overall carbon-dioxide cycle:  

{env_CO2→t_CO2→CO2→t_Calvin_cycle→CHOpool+}→ 
{CHOpool+→t_TCA_cycle→CO2→t_CO2→env_CO2}                                

• CHO pool composition and decomposition:  

{CHOpool-→t_Calvin_cycle→CHOpool+}→{CHOpool+→t_TCA_cy-
cle→CHOpool-}                                                                                     

Summarizing the structural analysis, chloroplast, mitochondria, and 
especially their integrated system demonstrate the dominance of cyclic 
conservational pathways, related to the complete transferring routes, 
resulting in an “almost closed” system with solar radiation, as a single 
resource from outside. There are limited number of the same funda-
mental components in both subsystems of different (actually reversed) 
functionality. The invariant components and reversed connections result 
in the coordinated structural organization of composition and decom-
position processes. The [CHO] pool, processed by the Calvin and TCA 
cycles, gives a dynamic storage for the whole system. 

3.1.2. Material supply structure of a simplified ecosystem 
The simplified process structure of coupled tree and plant ecosystems 

is illustrated in Fig.S2. This and the hypotheses and assumptions of the 
simplified conceptual model are explained in Part S3 of the Supple-
mentary material. 

All of the tree and plant related state elements (dots in Fig.S3) are 
characterized by species-specific (and optionally time-varying) stoi-
chiometric composition of the respective [C, H, O, N, P,…] atoms. Solar 
radiation provides photons for the photosynthesis and heat energy for 
evapotranspiration. Atmosphere (and the optional air compartments) 
represent the actual or forecasted meteorological conditions, as well as 
contain H2O, O2, CO2 and N2 components. Upper soil layer compart-
ments contain residue, humus, solution and inorganic phases, contain-
ing [C, H, O, N, P,…] pools, as well as H2O, N, P, O2, CO2 N2 
components. 

The functionalities are calculated by the transition elements (bars in 
Fig. S3), according to the stoichiometric changes of above components 
within and between the phases and compartments. 

The tree and plant related main dynamic down-flow and up-flow 
fluxes are basically determined:  

• by push logistics of the photosynthesis driven utilization of H2O from 
xylem (and CO2 from air) to produce O2 into air and [C,H,O,N,P] 
pool into phloem (representing a logistical storage), as well as  

• by the pull logistics of evaporation- (evapotranspiration-) driven 
emission of H2O and CO2 into the air from the xylem, accompanied 
with the uptake of components from soil to the xylem (representing a 
logistical storage). 

Trees and plants (as self-controlled living systems) tend toward 
rational behavior (Schmid, 2016). Accordingly, the photosynthesized 
biomass is distributed from the phloem amongst the compartments by 
the process of “growth”, considering the stoichiometric composition of 
the respective compartments. Analogously, the xylem (considering the 
availability limits of the soil) is filled with the necessary amount of water 
and soluble components from the upper (in case of plants, trees) and 
from the lower (in case of trees) soil compartments via the transition 
“uptake”. 

There are many symmetrical maximal transferring routes and cycles 
in the two sub-systems. In addition, there are interesting cooperative 
routes between tree and plant sides, namely:  

• Plant related nitrogen fixation based N supply for trees: 

{Atmosphere→t_Air/land-
inter-
action→Uppersoilunderplants→t_Seepage→Lowersoilunderplants-
→t_Side-flow→Lowersoilunder-
trees→t_Uptake→Xylemoftrees→t_Photosynthesis};  

• Phosphorous, mined by the trees from the deeper soil layers for 
plants (a phosphorus pathway is highlighted by red arrows in 
Fig. S2): 

{Low-
ersoilunder-
trees→t_Uptake→Xylemoftrees→t_Photosynthesis→Phloemoftrees-
→t_Growth→Leavesoftrees→t_Littering→Uppersoilundertrees→t_Si-
de-flow-
→Uppersoilunderplants→t_Uptake→Xylemofplants→t_Photosynthe-
sis→Phloemofplants→t_-
Growth→Leavesofplants→t_Decay→Uppersoilunderplants→t_Seepa-
ge→Lowersoilunderplants→t_Sideflow→Lowersoilundertrees]. 

Structural analysis shows that the trees and plants are characterized 
by similar dominant cyclic conservational pathways besides the 
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complete transferring routes, while all of them are driven by the solar 
radiation. The synthesis produces the plant and tree compartment- 
specific [C,H,O,N,P,…] pools from a limited number of environmental 
components, while the respiration and decay recycles the same envi-
ronmental components from these [C,H,O,N,P,…] pools. This results in 
the coordinated organization of synthesis and respiration/decay pro-
cesses. The dynamic storage in xylem and phloem supports the short- 
term push logistics of photosynthesis and the pull logistic of respira-
tion. The long-term (seasonal or multiple year) resilience is ensured by 
the storage of specific [C,H,O,N,P,…] pools in bole (for trees), as well as 
and in roots and “products” (in case of plants and trees). 

3.2. Some recycling-based conservation principles in natural process 
structures 

The lessons, learnt from the structural analysis of recycling-based 
conservation as illustrated above and some other natural process sys-
tems, can be summarized as follows:  

• Local transferring pathways result in system level cycles: The 
sustainability of biosystems and ecosystems is ensured by the 
dominance of complete cycling pathways, related to all of maximal 
(transferring and cyclic) pathways in the process structure. The 
sustainable structures are characterized by the (optionally coupled) 
recycling routes (cyclic pathways) of the conservational measures. 
The conservational measures are the stoichiometric combinations of 
the constant measures. For example, the biological components (i.e., 
the “conservational measures”) are built from the atoms (i.e., from 
the “constant measures”). The energy, utilized for the recycling- 
based conservation by the continuous composition (photosyn-
thesis) and decomposition (respiration and decay) of the biological 
components within the system’s contour is supplied by the single 
unlimited outer resource of solar radiation.  

• Limited pool of fundamental components: The recycling-based 
robust reusability of the cycling material is supported by the 
strictly limited pool for the fundamental components of primary 
processes in the highly diversified set of species. Behind the adap-
tation supporting, evolution-driven biodiversity, the same ADP / 
ATP cycle produces energy, the same NADH, FADH2 and NADPH 
components transport the hydrogen, there are the same 12 precursor 
metabolites and 20 amino-acids, etc. in the quite different living 
systems. Biosystems and ecosystems do not utilize the combinatorial 
possibilities of organic chemistry at all. This limitation contributes to 
the recycling- based conservation of the more and more diversified 
higher level biological materials, obviously. Human-designed sys-
tems should also follow this approach, however, especially in 
developed countries, there are still many counter argument toward 
the effective operationalization of these insight. 

• Coordinated structural organization of assembly and disas-
sembly: There are coordinated (symmetrically reversible) structural 
patterns of the assembly (composition) and the disassembly 
(decomposition) related processes. This feature contributes to the 
effective organization of recycling based conservation within the 
system’s contour. In the cellular biosystem, the [C,H,O] pool is 
synthesized from H2O and CO2, while the [C,H,O] pool decomposing 
respiration and decay result in the same components. Analogously, 
in the ecosystems, the specific parts of the [C,H,O,N,P,…] biomass 
are produced from the atmospheric and soil based components via 
photosynthesis, while the solar energy driven evapotranspiration 
and decay result in the same components, vice versa.  

• Resilience supporting averaged storage of recycling resources: 
The natural supply/demand logistics of stoichiometric assembly/ 
disassembly processes is controlled by the necessary and sufficient 
storage capacity according to the various shorter and longer time 
horizons. The appropriate capacity of intermediate storage also 
controls the average composition of the supply of suddenly changing 

or slowly (daily, seasonally, etc.) fluctuating resources to prepare 
them for resilient dynamic balance of productions and consumptions 
in the usually applied processing. In cellular biosystem the inner 
storage is given by the [C,H,O] pool, processed in the Calvin and TCA 
cycles. In the ecosystem example, the short term storage is solved by 
the logistical units of xylem and phloem, while the long term storage 
is given by the product (or root) in the plant for one season, as well as 
by the bole and root of trees for multiple years. The outer storage in 
both cases is ensured by the relatively higher capacities of atmo-
sphere and soil. 

These practice-oriented principles are in accordance with the theo-
retical establishments of circulation and circularity in the evolution of 
science. This historical way drives from the pioneering analysis of cir-
culation and conservation in the book of “Elements of Physical Biology” 
(Lotka, 1925), to the up-to-date circularity science (Zeng and Li, 2021), 
including the three laws of circulation chemistry (Law #1: relative 
contents of chemical elements in the universe are constant; Law #2: all 
the elements are moving along cyclical routes; Law #3: chemical re-
actions should be designed to tentatively achieve zero emission of 
waste.) 

Considering the emerging knowledge of circularity science and the 
increasingly growing global problems, the above derived principles aim 
to motivate practical engineering solutions, focusing on the knowledge 
transfer of maximal process net pathways from the natural processes to 
the human-built ones. In addition, we show, how these net structures 
can help to generate dynamic process models in the sense of Program-
mable Process Structures to propose an adequate simulation-based 
design- and control- supporting framework for circularity science. 

3.3. Examples for these recycling-based conservation principles in human- 
built process structures 

3.3.1. Emission-free storable hydrogen energy through the electrolysis of 
water 

It is a simple example to illustrate the evidence of the studied 
recycling-based conservation principles. In the utilization of solar radi-
ation, the photosynthesized biomass should be used for feed, food and 
recyclable material production as much as possible. Burning of biomass 
or production of secondary fuels from biomass decrease the food and 
easier recyclable organic material supply, as well as increase the direct 
return of the metabolized CO2 to the atmosphere. Accordingly, the 
production of electrical energy from solar radiation (by photovoltaic 
system directly, or by hydro-power and wind power, etc., indirectly) can 
be supplied by nuclear energy, temporarily. Perhaps better photovoltaic 
and brand-new other solutions, like synthetic chloroplast (Barras, 2020) 
will appear that may decrease the necessity of the nuclear power, in a 
longer time horizon. 

The operation of hydropower, wind-power and photovoltaic systems 
depend on the daily, seasonal and abrupt change of meteorological and 
hydrological conditions. In addition, the extensive storage of electrical 
energy is still unsolved. Lack of effective storage causes difficulties also 
for the conventional electric energy supply chains. Considering the need 
for transportable and storable fuel energy (e.g., for air, sea and road 
traffic), hydrogen may be a feasible solution (see in Fig. 4). 

Hydrogen can be produced by electrolysis of water (with useful 
concentrated oxygen by-product), while burning of hydrogen produces 
only water. Looking at the basic structure in Fig. 4, the respective cycle 
of  

{H2O→t_Electrolysis→H2→t_Burning→H2O}                                           

is similar to the full cycle, resulting from chloroplast and mitochondria 
related functionalities. This cyclic pathway supports the sustainable and 
resilient energy production according to the complete transferring 
pathway of 
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{Solarenergy→(t_hydro_-
powerANDt_Wind_energyANDt_Photovoltaic_system)→ 
Electric_energy→t_Electrolysis→H2→t_Burning→Energy}                          

This solution utilizes solar energy, without carbon resource con-
sumption and carbon-dioxide emission, and with a reasonable storage 
ability, as well. In addition, delocalized electrolysis plants, combined 
with batch hydrogen transportation, makes it possible to avoid the 
extension of pipeline systems. 

The principles, summarized in Section 3.2 are evident in this system, 
as follows: 

Dominance of cyclic maximal pathways: the transformation of 
electrical energy from a single external renewable resource-based input 
to an easily storable fuel energy is solved by a single cyclic material 
pathway, describing the conservation of hydrogen and oxygen atoms. 

Limited pool of fundamental components: H2O, H2 and O2. 
Coordinated structural organization of assembly and disas-

sembly: decomposition (electrolysis) and composition (production by 
burning) of H2O. 

Resilience supporting storage of recycling resources: H2 makes 
possible the temporary storage and concentrated spatial transportation 
of the fluctuating energy production from the renewable natural 
resources. 

3.3.2. Recycling of carrier bags from household waste 
The simplified example for the structure of household-used plastic 

and paper carrier bag recycling is shown in Fig. 5. This model is derived 
from the case study of Thakker and Bakshi (2021a), transformed to the 
analysis of the respective net structure, and maximal net pathways. Also 
the generation and simulation of the PPS model, derived from the pro-
cess net, is illustrated in this Figure. The detailed description of the case 

Fig. 4. Recycling in hydrogen-based storable energy (highlighting the main carbon-neutral recycle route).  

Fig. 5. Recycling loops and transferring routes in the structure of household-used carrier bags a) Process net view; b) Programmable Process Structure with examples 
for simulation results, c) Delayed changes of landfill; d) Stored material in lumber and clinker. 
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study can be found in Section S4 of Supplementary materials. 
Fig. 5a shows the net of state and transition elements for the studied 

system. The recycle structure of the example contains 5 maximal cyclic 
routes, as follows:  

C1 {S7→T7→S7}– Reuse of bags in household for PLA, PP, LDPE, 
HDPE;  

C2 {S6→T6→S7→T7→S8→T8→S9→T9→S6}– Recycling to resin 
(polymer) for reuse of PLA;  

C3 {S5→T5→S6→T6→S7→T7→S8→T8→S9→T9→S5}– Recycling 
to monomer for reuse of PLA; 

C4 {S3→T4→S5→T5→S6→T6→S7→T7→S8→T8→S10→T10→S15-
→T13→S3}– Recycling to raw materials for reuse of hydrocarbon 
from pyrolysis of PP, LDPE and HDPE, as well as biomass for pulp 
from Paper; 

C5 {S3→T4→S5→T5→S6→T6→S7→T7→S8→T8→S10→T10→S16-
→T14→S4→Energy_to_processes} – Recycling of PLA, PP, LDPE, 
HDPE and Paper through incineration to energy, utilized in 
multiple processes. 

The PPS can be generated from the process net of Fig. 5a, according 
to a published method (Varga and Csukas, 2022). Fig. 5b illustrates the 
generated PPS of the carrier bag recycling example system. 

To demonstrate the necessity of dynamic modeling, a characteristic 
part of the simulation results is shown in the included diagrams. Fig. 5c 
and 5d illustrate a case study about a 70-yearlong simulation, with the 
following conditions:  

- separated PP, LDPE and HDPE waste is utilized for lumber and 
clinker production;  

- lumber and clinker production starts from the beginning of the 
simulation, and last until 40 years;  

- estimated lifetime of lumber and clinker products are 20 and 30 
years, respectively. 

Accordingly, the worn out composites starts to appear in the landfill 
after their lifetime (in the 20th and 30th years, as shown in the jumps in 
the curve of Fig. 5c). Moreover, this process continues after having 
stopped the production after 40 years. Amount of actually accumulated 
lumber and clinker can be followed in Fig. 5d. 

More details about this and other scenarios are found in Part S4 of 
Supplementary materials. 

The principles, summarized in Section 3.2, appear in this example, as 
follows: 

Dominance of cyclic maximal pathways: Circularity can be 
enhanced by the increasing transformation of transferring process net 
pathways for the cyclic process net pathways (C1-C5). This is associated 
with decreasing both of the utilized raw materials and of the emitted 
waste to land, to water and to air. 

The circular pathways of process net structure and the net-generated 
dynamic process models (Programmable Process Structures) make 
possible the tracking and accumulation of harmful materials. It supports 
the solution of the problems discussed by Zeng et al. (2022), focusing on 
recycling of inevitable harmful/toxic materials in circular economy. 

The photosynthesis-based renewable materials (PLA, Paper) can be 
recycled more easily than the artificial products, because their reus-
ability is supported by the embedded capabilities of natural materials. 

Limited pool of fundamental components: Unnecessary diversity 
of carrier bag materials makes their separation and recycling more 
difficult. In contrast, the use of limited types of easily recyclable PLA or 
similar bio-based polymers or Paper can decrease both the utilization of 
the input resources and the output emissions to the environment. 
However, their application may be more expensive in a shorter time 
horizon. Actually huge number of plastic materials are produced from 
the six main polymer types (Faraca et al., 2019). 

Coordinated structural organization of assembly and 

disassembly: Better coordination production and selection has great 
possibilities. As a simple example, think about the bar code or QR code 
designation of easily recyclable plastics for household identification 
with a simple mobile phone app. Also, the separated material ought to 
be recognized at returning by the consumer. This principle also confirms 
the need for decentralization, e.g., in preselected waste sorting and 
preprocessing. 

Resilience supporting storage of recycling resources: Rational 
intermediate storage has an important role in the implementation and 
evaluation of recycling. Reprocessing at any level (as monomer, poly-
mer, or composite component) needs an average composition of the 
recycling materials that must be supported by large enough temporary 
storage, as a positive example. However, apparently useful “temporary 
storage” of wasted PP, LDPE, and HDPE in form of lumber or clinker is 
valid for their 20–30 years long residence time, while afterward they 
shall contribute to landfill, as a negative example. 

3.3.3. Dynamic assembly / disassembly structure for recycling rare 
elements of electronic goods 

The principles, learnt from natural process structures, can also be 
utilized in the possible recycling-based conservation of inorganic ma-
terials, outside of biosphere. 

Majority of rare (e.g. rare earth) elements, used for electronic goods 
(processors, chips, memories, LCDs, etc.), as well as for other accessories 
(batteries, solar panels, etc.) are mined from the anthroposphere 
accessible land layers. The location of mines may be a geopolitical issue, 
as well as they may be exhausted. However, there are more and more 
reserves in the used (and possibly wasted) goods, while this accumula-
tion accelerates because of the shortening life-cycle of the products. This 
needs the intensification of intelligent disassembly, preprocessing, fine 
separation and recycling of rare elements. The simplified, essential 
structure of this recycling is summarized in Fig. 6. 

The black colored dots, bars and edges correspond to a single well- 
defined recycle loop of a given element (e.g. indium, neodymium, 
etc.), while yellow color illustrates a small part of the additional and/or 
alternative solutions in the related design space. 

In the realization of the major cycle 
{Ele-

ment→t_Production→Products→t_Use→Primary_waste→t_Primary_sel-
ection→Selected_e_waste→t_Rough_preprocessing→Roughly_preproces-
sedelements→t_Fine_pro-
ces-
sing→Finely_preprocessedelements→t_Purification→Purifiedelements-
→t_Final_processing→Element], the principles, learnt form the natural 
processes can be applied. The key issues are the followings:  

• Stoichiometric assembly pattern of goods can support the multi-stage 
disassembly procedure. In the physical realization, this means that 
the manufacturers in the assembly process design have to take into 
consideration also the options of the relatively easy and well-defined 
disassembly of the parts, containing the rare elements in high con-
centration. Considering the accompanying information flow, disas-
sembly could also be helped by the detailed and allocable, 
hierarchical description (ontology and stoichiometry) of the prod-
ucts’ composition.  

• The irrational diversification of human-synthesized goods ought to 
be limited, considering the aspects of effective recycling.  

• The planning and operation of appropriate recycling needs a 
continuously updated knowledge about the goods and their assembly 
ontology (description) for the various storage-representing state el-
ements. Especially the way of goods during the t_Use transition 
(highlighted by the lower red ellipse in Fig. 6) from the sold products 
to the Primary_waste needs more care because of their possible un-
known accumulation and uncontrolled output. 

• The t_Rough preprocessing and the storage of the roughly pre-
processed elements (highlighted by the upper ellipse in Fig. 6) have 
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also keynote role. The rough preprocessing is to be started immedi-
ately, before the final development of the t_Fine_processing and 
t_Purification technologies will have been available, because these 
processes result more concentrated and optionally cheaper raw ma-
terials, than the mines (especially if the reasonable mines will be 
exhausted). However, it is worth to organize large enough storage 
capacity, where the roughly separated parts are associated with their 
partial composition stoichiometries. This makes possible to mix large 
enough different batches of average composition that can be sepa-
rated and purified, easier.  

• Continuous calculation of dynamic component and atom balances 
has a keynote importance for the systemic planning and operation of 
the various sub-systems of recycling. Effective fine processing and 
purification needs an optimization procedure to develop viable 
preprocessing strategies, which produce those classes of preselected 
materials that can be selected easier (and with less cost). 

The practical realization of the above summarized solutions needs 
the coupling of material flows and processing with consciously 
designed information flows and processing. According to the 
straightforward discussion about the interactions between digitali-
zation and policy by Creutzig et al. (2022), development of circu-
larity science will be supported by digitalization, obviously. Process 
net structures and Programmable Process Structures are prepared for 
the effective combination of material and information processing 
along the digitalized cyclic pathways. 

4. Conclusions 

Analysis of maximal pathways in the net structure of natural process 
systems has been applied to derive some essential features of the 
recycling-based conservation in nature, for their conscious utilization in 
man-made process systems. 

The two classes of maximal pathways, covering the various process 
nets with overlapping, were the complete transferring pathways from an 
input to an output element, as well as the complete cycles, carrying 
conservational measures. Conservational measures were interpreted as 
the stoichiometric combinations of field- (or model-) specific conser-
vation laws-based constant measures (like atoms in chemical and bio-
logical systems). Process nets determine the structure of the 
transportations and stoichiometric transformations of the case-specific 
conservational measures. 

A novel result of this work is to show the recycling-related conser-
vation-based principles, derived from the structural analysis of trans-
ferring and cyclic maximal pathways in natural biosystem and 
ecosystem, as follows:  

- the local open transferring conservational pathways result in cycles 
at the system level, while the recycling of the conservational mea-
sures is driven by the solar radiation;  

- the diversified species are built from a restricted pool of fundamental 
components; 

Fig. 6. Simplified assembly and disassembly structure in recycling of rare elements from used electronic devices.  
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- the sustainable recycling is supported by the structurally coordinated 
assembly and disassembly processes, coordinated by genetically 
embedded symmetrical structural patterns;  

- the resilient recycling is controlled by the appropriate storage, 
resulting in average composition, regardless to the changing envi-
ronmental conditions. 

Another novel element is the analysis about how these recycling- 
related, conservation-based structural features are present and can be 
implemented in the planning and operation of the man-made processes, 
consciously. We illustrated the importance and evidence of these prin-
ciples in simplified process structure examples  

- for the carbon emission-free hydrogen energy cycle,  
- for the recycling of carrier bags from household waste, as well as  
- for the possible organization of assembly / disassembly logistics in 

electronic waste recycling. 

The ultimate ideal objective of Bio-based Circular Economy is the 
zero exhaustion of finite resources with zero environmental emission, by 
means of the ideally complete reuse of the already photosynthesized 
organic and already mined inorganic materials. Accordingly, following 
the principles of natural assembly / disassembly systems, in the tech-
nological solutions the used products have to be decomposed into their 
primary components, repeatedly. This makes possible the decreasing 
pollution of atmosphere, soil and water, as well. 

Storage has a special role to equalize the composition of the recycling 
by-products and waste, coming from various processes with seasonal, 
daily, environmental (e.g., meteorological) and other event-driven 
fluctuations. Appropriately selected storage results in average compo-
sition of recycling raw material for the more effective further processing, 
especially in the preprocessing and separation of valuable components 
(e.g., rare earth elements) from the used electronic goods. 

To demonstrate the role of dynamic modeling, in the simplified 
model for recycling of carrier bags from household waste we illustrated 
how the process net structure can be applied for the generation of uni-
fied dynamic simulation models for the recycling conservational pro-
cesses in the form of Programmable Process Structures. 

The increasing complexity in analysis, planning and operation of 
large scale, long term complex recycling processes requires both a ho-
listic upper-level overview with simplified models, and the consider-
ation of causally transparent, dynamic balances at a lower level. 
Considering this issue, the future work tends to develop a framework 
that is capable to connect the holistic overview of up-to-date Life Cycle 
Analysis (LCA) with the non-linear, dynamic Programmable Process 
Structures of the underlying processes. 
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