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Demographic, economic, social, and climate change are all putting pressure increasing on natural resources
through global energy, food, and water demand growth, which threatens the well-being of the ecosystems. To ad-
dress this scientific and political challenge, a dual-purpose optimization tool has been proposed with the approach
of minimizing the environmental effects and development costs of the region in line with resource consumption
management, which optimally takes resources from the ecosystem, and regarding development approach (eco-
tourism development in this study), it has suggested the optimal strategy to improve the economic benefits.
Moreover, this model is able to propose some effective management policies on resource planning at the re-
gional level. This approach has been applied to Shif Island in the south of Iran. The main results are: (i) The
regional potential has the possibility of increasing more than 2067 tourism numbers per year, which can com-
pensate for a large part of the regional development costs. (ii) The regional management strategy of wastewater
and solid waste resources with the view of the nexus approach development of the system (development of the
eco-industrial park) and the ecosystem (the relationship between the soil and plant model) and the system devel-
opment models in line with the regional demand), can reduce waste production to about zero and provide more
than 90% of the region’s fertilizer needs in order to improve the ecosystem’s performance. (iii) In this model, the
producers of materials and energy are the main inputs of the ecosystem, and the outputs of the ecosystem include
the outputs of the agriculture, forestry, animal husbandry, and fishing process in the remote areas, as well as
mineral resources (industrial raw materials and fossil resources), renewable energy, etc. Consumers consist of
humans and living organisms of the urban-rural ecosystem.

In general, in this paper, the aim is to develop a practical method for analyzing the symbiosis of living and
non-living parts of the ecosystem in terms of water- Food-Energy and Ecosystem nexus model. In this regard, a
hybrid technology model has been suggested to minimize the dynamic cost of changes in line to reach an optimal
path for the development of living and non-living interaction.
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Kieppor sediment reaction coefficient

K the base reaction rate that forms the enzyme-
substrate product complex

m number of evaluation events

Niee, and Pyee, decomposed N and P values

Nj, Py, pool dimensions (gm—2) of nitrogen and phosphorus

NCT new capacity of technology

Nry, nitrogen concentration in plant residues

Nrp, phosphorus concentration in plant residues

Napp, applied nitrogen

Nci the nitrogen concentration of compost

Np, nitrogen demand

Ne,, the average release of nitrogen gas

RNA nutrient index (the ratio of phosphate concentration
to the maximum phosphate content)

TE; output energy output from technology i

TE; jnput ¢ input energy to technology i

U, production of tomato biomass

Xoutiit output concentration of various technology combina-
tions i

FWHOUSED fresh water demand in household

elec factor;

ienerey  €lectricity consumption per mass input to technology

1

EXL;, carbon emissions of each flow
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FNimmob|’ FPimmobl flux immobilization of inorganic Nitrogen and phos-
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Fyeathering material losses due to weathering

Fleachingp phosphorus leaching

FNmobl gross nitrogen mineralization rate

Fpmob‘ gross phosphorus mineralization rate
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process

i the fraction of SOM that goes from pool i to pool j
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Fepy deposition of ammonia and nitrate in the atmosphere
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Foure, adsorption of phosphorus surface flux
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N¢; nitrogen produced from manure
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Pc; phosphorus production from the composting process

Pri probability of random state variable X in an uncertain
system
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Pg; production of phosphorus from manure

Piec, decomposition losses of soil organic matter

Py adsorbed content for phosphorus

Pp, phosphorus demand
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qij standard value calculated from raw data
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S information entropy of an uncertain system
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technology i
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Mi, energy.t the energy efficiency of technology i

Nig the efficiency of technology i

WiX; environmental impacts

Pr probability in eco 99 calculation
UWHOUSED non-drinkable water demand in household
Introduction

Food, Energy, and Water (FEW) are essential resources for a region’s
sustainable development. These resources have an interconnected ef-
fect [46], energy is needed for water pumping, collection, treatment,
and distribution of water. At the same time, energy is very important in
food production and processing, as in the fertilizers generation, irriga-
tion, packaging, processing, and storage of food, and it appears in the
Sustainable Development Goals (SDGs) [44].

Energy provision as one of the sustainable development policies re-
quires regional water resources. The transfer to biofuels will lead to
a wider water-food nexus for various sectors, especially global trans-
port in line with the circular economy [20,25]. In 2019, Raul Munoz
Castillo et al. analyzed the synergy between land and water use for
bioethanol production and its environmental impact across Brazilian
states. It showed that there is a significant difference between irrigated
and rainfed ethanol production due to water and land scarcity [43].
Next, Mohamad Abdel-Aal in 2020, examined the spatial and temporal
effects of the use of anaerobic digestion (AD) as one of the methods of
biofuel production, in line with the WEF framework and the quantifica-
tion of environmental, social, and economic benefits associated. To do
this, an agent-based model (ABM) was developed to simulate AD emis-
sions across the UK, and various scenarios were explored to predict the
future [1].

Moreover, between food and energy, water is also a vital resource
for the sustainable economic and social development of a region. Water
security is often a priority in the depletion of triple resources [8] and
many scales are selected based on water-based environmental contexts
[31,41]. Water resource management in regional development is not
just about drinking water production but also includes wastewater man-
agement. For the development of an urban-rural area, there is a need
to build applicable decision-making tools in terms of resource scarcity
consideration, and the minimization of the environmental impact ac-
cording to the economic power of the area. industrial symbiosis is an
approach to optimizing the wastewater treatment system in industrial
estates. It is done by reusing organic matter in food wastewater (as an
external carbon source in advanced centralized wastewater treatment
plants (WWTP). Some biodegradable organic matter, such as food waste,
which is abundant in industrial wastewater, can be used as external car-
bon sources for disinfection. The industrial symbiosis model focused on
wastewater treatment systems at the level of industrial parks and has
saved many costs and environmental benefits [28]. In 2020, Mohd Arif
Misrol et al. developed a mathematical model to maximize the continu-
ous benefits of water recycling and water integration in a superstructure
wastewater management system [42]. Moreover, some researchers have
worked on the synergy between water- Energy, and food nexus [21].
In this regard, a study has been developed to investigate the synergy
potentials of water integration and solid waste utilization using Pareto
optimization [18]. In this way, Chihhao Fan et al. conducted an inte-
grated assessment model of water, Food, and Energy(WFE) deficiencies
in the urban sector. In this regard, using a linear regression model and
simultaneous equation model (SEM) and weighting of each of the main
variables, different scenarios have been investigated such as population
growth, technology-based development of agriculture, energy structure
improvement, and access to water resources [13]. In 2020, Huang et al.
described the structure of WFE in an urban area using a set of equations
systems. In this study, the SEM method has been used instead of only
one indicator to identify the nexus of different sectors, This method is an
effective method for the exchange mechanism in the structure of Nexus,
which can have more reliable results than recent work [29]. Besides,
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Schull VZ et al. modeled the water, energy, and food nexus with a view
of water management. In this work, an agricultural watershed in north-
western India was surveyed using the WFE nexus framework. Spatial
and temporal analysis of the water model was identified and studied
using SWAT software. One of the main characteristics of this study was
the evaluation of water quality using the water-energy and food nexus
framework [52]. Saige Wang examined the effects of the water sector
and energy-related decisions and developed an evaluation framework
for the water and energy nexus scenarios by using of input-output table
method to predict the future of the energy sector in China [57]. In 2019,
Raphaél Payet-Burin et al. developed an open-source model of hydro-
economic optimization. This model incorporates water, agriculture, and
power systems with a holistic approach. In this model, they examined
the potential and investments required to prioritize the development of
hydropower generation, irrigation of the agricultural sector, and net-
work connection [48]. In 2018, Kuang-Yu Yuan et al. introduced a way
to minimize the environmental impact of development. In this method,
considering the interactions between water, energy, and food, they have
performed a spatial optimization for three energy products (rice, corn,
and sugarcane) in four main scenarios of climate change. To this end,
life cycle assessment, linear programming, and climate change simula-
tion model have been integrated to develop the bioenergy production
chain and due to the benefits of bioenergy, its development priorities
have been identified according to the current renewable energy policy
in Taiwan [60]. Integrating the study of consumption patterns and con-
sumer behavior in the nexus framework can play an important role in
reducing the overall impact of development on the environment in the
future [40].

While Nexus provides a strong framework for interdisciplinary study,
much research has been done on the "security" of regionally focused
resources from a resource trade perspective, and in this regard, envi-
ronmental impact assessment alone cannot be a set of relationships be-
tween natural underlying processes [11]. In Korea, a comprehensive
study was done on the whole supply chain. The target of this project
was Eco-industrial parks (EIP) development analysis in economic per-
formance using the IoT method. They tried to enlighten the national
financial system reforming and planning [14,47]. The economic power
of the region is another lever of development, which should be provided
by the regional potential. In this way, one of the economic perspectives
of local development is regarding the local potential for tourism devel-
opment. Unfortunately, in the 20th century, we faced major changes
in technology, political, and economic changes in rural areas, and they
have brought a large number of challenges in this area. Dorobantu et al.
studied the sustainable development of local Romanian communities
through ecotourism., and they tried to show the relationship between
rural ecotourism development and some requirement in line with sus-
tainable development in these regions [50]. Fan et al. used the eco-
efficiency coefficient for resource, economy, and environment manage-
ment toward sustainable development and showed that the scale and
number of regions could change their performance [14].

One of the main risks of regional development is the barrier effect
of development on ecosystem regeneration and restoration. So, it is so
important to fill the gap between system enlargement, and ecosystem
regeneration. A regenerative point of view can lead to an optimal in-
terconnection between the system and the ecosystem to a large extent.
Ecosystems that can recover, renew, or revive their energy, material,
and information resources not only produce regenerative products that
can be recycled but also lead to improving the environmental condi-
tions during the product’s life cycle. In this regard, Regenerative design
seeks to address the ongoing degradation of ecosystems by developing
the built environment to restore the capacity of ecosystems to function
optimally in health for the mutual benefit of human and nonhuman life
[10]. It can add an Ecosystem part to the water-Food, Energy nexus
model. Biowaste management can augment the ecosystem regeneration
approach. Tareq Al-Ansari et al. studied the relationship between the
production and use of fertilizer and livestock, and the water system,
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which through mechanical and thermal desalination processes supplies
water to agriculture demand and an energy subsystem, natural gas pro-
duction, and renewable solar energy system [17]. The analysis shows
that the food system is the biggest cause of global warming, and re-
gional development [2].

Studies in the past have focused on a more systemic approach to river
basin connectivity and global scale. The WEAP [59] LEAP tool combines
an allocation energy system (LEAP) with a hydrology-agricultural model
(WEAP-cropWat) [45]. This tool has been used in the context of the Tana
River basin in Ethiopia [30] and California [59]. As a simulation (rather
than an optimization tool) it is limited to exploring user-defined sce-
narios. CLEW1, GAEZ-WEAP-LEAP [27] was this type’s first integrated
modeling approach. It analyzed simultaneous scenarios of GHG reduc-
tion, adaptation, energy, water, and agricultural development. CLEW2
approach, GAEZ-WEAP-OSeMOSYS-MAMS includes an optimization in
the energy sector using the Open-Source Energy Modeling System (OS-
eMOSYS), which enables the optimization of energy investments and
their performance [53]. World Bank’s Evaluating Climate Resilience
(WBecr) approach is the most comprehensive to date [12]. It simultane-
ously assessed 8 major African river basins, agricultural plans, and more
than 40 countries. The approaches are open source and allow dynamic
optimization and trade-offs for water use in each basin. WE2F Nexus
(UNECE) LISFlood-OSeMOSYS is the use of the LISFlood model [56] to
create potential water production constraints in the 0SeMOSYS model
[26]. This tool considers not only the average hydrology but also the po-
tential effects of flooding. ASBmm (ICWC), Aral Sea Basin Management
Model (ASBmm) and BEAM [49] are software product basin economic
allocation models, that are useful for evaluating projects and using wa-
ter, land, and other natural resources. which provides the possibility
of evaluating the social, ecological, and economic conditions of cer-
tain regions and countries. GAEZ Global Agro-Ecological Zones [16] is a
global tool that helps calculate potential yields and water for up to 280
crop/land use types under alternative input and management levels for
historical, current and future climate conditions. CLITools has been de-
veloped by MIT and Indecon [9]. These are open-source tools that allow
dynamic optimization of water allocation, including optimization across
crops. The BEAM model [49]estimates the welfare variation associated
with changes in water allocation. 0SeMOSYS is an open-source energy
systems model. It is typically extended to include water, land and green-
house gas emissions [26,3]. LISFLOOD [56] is a GIS-based hydrological
precipitation and runoff model developed at the JRC. It includes a one-
dimensional hydrodynamic channel routing model that is currently used
to simulate water resources in Europe, Africa, and on a global scale.

Regional nexus modeling concerning the natural limitation is a chal-
lenge in most nexus models, which requires entering the structure of
the soil, and other ecosystem elements’ interaction in terms of social
welfare in an optimization nexus approach. It can make a guarantee to
development of the ecosystem regarding nature’s limitations.

Regenerative design is an integral component of the ecosystem. In
other words, Soil as one of the forgotten links of water, energy, and
food nexus is another requirement to study. Soil is the cause of runoff
transfer and infiltration into irrigated water, which is eventually given
by the soil to green water for plant growth. In addition, soil plays an
important role in the conversion of agricultural, animal, and tree waste
into humus nutrients in the soil, which, of course, is ultimately used
as nutrients for plant growth. The sludge of the water treatment pro-
cess can also be used as plant nutrients. Contaminated water (gray and
black) must be converted to blue and green water through filtration pro-
cesses and then enter the soil [33]. In this respect, A multi-study model
was developed in India. This model developed in different economic,
social (population growth), and environmental aspects. Cooling tech-
nologies in the power plants are one of the most important items, which
were used to estimate the optimum water withdrawal and the amount
of CO2 reduction in the water-energy nexus framework. Moreover, the
utilizing different types of electricity generation technologies and dif-
ferent renewable and fossil fuels were entered into the model and their
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interaction with water consumption was surveyed to make a strategy for
policymakers [54].

The gap, aims, and objectives of the paper

Given that the Nexus approach originates from the understanding
that water, energy, agriculture, and natural ecosystems have strong
inter-linkages, and under a sectoral approach, it moves towards achiev-
ing resource security so that development takes into account Water,
energy and food without the approach of mutual effects of ecosystem
sustainability, the security of access to resources in the region may face
risks due to future limitations. This study, to identify mutual links, syn-
ergies, and exchanges in an industrial area with the Nexus approach,
to identify solutions, strengthening the security of access to resources in
the future by considering economic drivers and increasing the efficiency
of resource exploitation. Water, food, and energy, and reducing the ef-
fects and risks of development on ecosystems have been addressed in
the agricultural sector (soil productivity considering the development of
natural resources). In this regard, the integrated water-energy-food and
ecosystem model has been developed with the Nexus approach to en-
able the analysis of mutual links between sectors and to provide positive
synergy according to development potentials. This is done by adopting
an integrated and coordinated approach across sectors to reconcile the
potential of conflicting interests as sectors. Moreover, sensitivity anal-
ysis has considered the regional development options, which have the
competition for access to scarce resources, while it has been identified
and strengthened the current opportunities extremely dependent on the
limitation, which leads to augment the ecosystems.

On the other hand, Soil is a non-forgotten section of nature. The
unique natural organization of soil forms the foundation of any food-
water-energy linkage system. It moderates the soil-water-plant-energy
nexus by providing green water (from precipitation) to plants and soil
organisms, which in turn enables the production of biomass as a source
of food, feed, fiber, and biofuel. As a result, the soil is not only the ba-
sis for the provision of natural resources: food, water, and energy but
also urgently needs to be integrated with understanding the complex
interdependence of each food, energy, water, and soil system. Here, the
ecosystem elements such as forest, and crop growth and their interac-
tion with the soil have been considered as some systems, in which the
human-made systems development affects the ecosystem elements’ qual-
ity and growth.

In this study, according to the economic challenges in the stud-
ied area and the importance of ecotourism development, the effects of
wastewater and solid waste pollution will be intensified. The economic
development of the region requires the development of basic infrastruc-
ture and increases the operational capacity of the region. Moreover, the
development of ecotourism causes the management of waste and sewage
and its effect on the regeneration of the region in terms of making soil
fertilizers, and the additional effects on the soil capacity improvement
for the agricultural sector with regard to the available natural resources
to support the production of organic materials.

On the other hand, the potential of exploiting energy resources in
remote areas can provide the possibility of long-term investment in this
sector with the participation of the private sector for the development
of the region.

Methodology

Energy services, including lighting, heat, and power supply, are a vi-
tal demand for the development of societies. Rural areas often have min-
imal access to energy due to limited access to finance and development
initiatives. While people in these areas also need the energy to meet
their daily needs, to have a healthy and modern lifestyle, and to grow
their level of economic activity. Residents of all these regions, includ-
ing rural areas, should have an equal opportunity to access sustainable
and affordable energy. In this project, we try to develop an integrated
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model for rural development, in which residential places are near the
sea (Fig. 2). In this regard, First of all, after the data gathering process, it
has been modeled all of the regional sectors (energy, water, agriculture,
and soil), and it has been considered all interactions between different
sections. Some constraints have been utilized in the model (demand and
supply constraint, Maximum capacity development constraint, environ-
mental impact constraint, resource input to the region limitation, etc.).
it should meet the main current and predicted demand based on the
population growth and the output of the eco-tourism model. A multi-
objective model has been applied to select the optimum capacity for
each technology in the region.

The objective function of an integrated agroecosystem model in-
cludes two main approaches: maximizing Value-added by developing
the Shif region and minimizing environmental impacts(Eco-indicator 99
minimization [23,22]). Therefore, the optimization process should solve
multi-objectives. A common method to evaluate a sustainable ecosystem
is considering Eco-efficiency. The eco-efficiency of Eco-Industrial Park
(EIP) is defined as the ratio of value-added to the environmental impact.
This conceptual model has been developed to evaluate the integrated en-
ergy and environmental management system in Shif Island. The model
has been extended to include industrial and non-industrial Water, En-
ergy, Agricultural, and Waste supply chains. The non-Industrial water
supply chain includes water withdrawal from the sea, water extraction
from air humidity, and solar energy. Domestic sewage and wastewater,
which are sent to the collection and treatment units and then stored in
non-drinkable water storage tanks, are consumed in agriculture and as
greywater. Tidal technology has been considered for power generation.
The energy supply chain includes various technologies for power pro-
duction, heat, and cooling. The connection of the integrated system to
the national grid has also been assumed. The leading technologies rep-
resented in the model include, among other technologies such as PV,
CHP, and waste power generation. Decentralized PV is used for lighting
the streets, and the centralized PV electricity generation is sent to the
local network. The transformation of Shif Island into an ecotourism zone
is considered a prosperity factor for further development. The develop-
ment of ecotourism shall lead to the expansion of economic and social
activities, which would require expansion of the supply chain of goods
and services, which would be associated with an impact on the environ-
ment. Ecotourism would require the minimization of waste discharge
into the environment and the accretion of natural resources. Therefore,
the present study aims at maximum recycling and reuse wastes and
utilization of renewable energy sources. The development of agricul-
ture in the region would be modeled with the help of the Liebig law,
and the growth rate of agricultural products is optimized subject to the
limitation of nutrients. Furthermore, the interactions between soil, at-
mosphere, and biosphere are modeled in order to identify the path of
sustainable development of land use (Fig. 1). Formally, the relative eco-
efficiency of EIP, can be calculated as follows [36]:

y
EE =max| ——— (1
<Z,'-"=1wixi>
st =Y <1Vj=12.,N.
D Wix; 2

w; >0, Vi=1,2,....m

EE: Eco — efficiency

y: Value — added

w;x;: Environmental impact

Relative eco-efficiency has been defined as a non-dimensional indi-
cator, and it is defined as follows [37]:

EE
EEmax
EES: Eco-efficiency Score (Eco-efficiency measured)

EE™®: The Maximum Eco — efficiency, which is observed in all
EIPs

EES = 3)



M.B. Ledari, Y. Saboohi and S. Azamian

Demand (water, energy, food and other)

Fishery Unit [Tourism poputain]
.

Energy Nexus 10 (2023) 100207

Fig. 1. The framework of eco-industrial park
in Shif Island.
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Variability of the environmental impact may be estimated with the
help of minimizing Eco-indicator 99 for a given probability level. The
definition of this performance measure increases the level of probabilis-
tic constraint:

Pr[ECOg < Q] > K @)

The deterministic equivalent of this probabilistic constraint can be
obtained by using chance-constrained programming [35,55]. Specifi-
cally, by subtracting the mean (Ec099) and dividing it by the standard
deviation of the Eco-indicator 99 (E CO‘ggD ), the chance constraint, nor-
malized function, and the final equation can be written as:

Q - Eco%
N ——sp |2K ©)
ECOS]

ECO3P ¢~ (K) + Eco%9 < @ 7
The general objective function can be changed as:

VAg;
final/co — indicator 99

EES =
max EE

-Q ®)
max

In all technologies, first, according to the conversion efficiency of
the material, the amount of material required can be calculated. Next,
according to the concentration of substances in the different mass flows,
the final concentration of the substance has been estimated. Moreover,
the amount of energy consumed through consumption factors is entered

Fig. 2. Model structure of this paper.
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into the model as a coefficient of mass input proportional to production.
The carbon emission of each stream has been generated based on energy
consumption.

TM; ours =TM;jn, X1 ®

Xoutig =WM,in: X0c iy (10)

TEi,ourput,t = TEi,input,t X ni,energy,t + TMi,in,t X ni,energy,t

xelec factor; epergy 11

EXL;, =TE, ., X emission factor,, (12)

Where, TM is the mass flow for each technology, i are differ-
ent technologies(Air-water generation, Tidal power plant, Freshwater
pipeline, Freshwater Reservoir, Seawater pipeline, Desalination tech-
nologies (Reverse Osmose, Thermal desalination, desolenator), Filtra-
tion, Undrinkable water pipeline, Undrinkable water Reservoir, Algae
Harvesting, Fish waste process, Biodiesel production, Waste process,
Anaerobic Digestion, Composting process, Waste conversion, Recycling,
Ice making, Fish processing), X is the concentration of the different sub-
stance in streams, TM is the mass flow in different technology, TE is the
energy flow in different technology, n indicates the efficiency of differ-
ent technology for energy and material conversion, elec factor; cpergy
is used to estimate the electricity consumption per mass input, EXL illus-
trates the carbon emission of each technology, in and out are the input
and output flow, and consequently, t indicates the time horizon of the
project.

The capacity of each technology has been chosen as:

HCT;,
Mit

CT, +NCT,, < (13)

CT, NCT, and HCT are the current, new, and historical technology
capacity, respectively.

It means that the technology capacity selection has been determined
considering historical capacity and new required capacities.

Depending on the amount of material and energy required, the sum
of all resources that can produce materials and energy shall always be
less than the total amount of production. In other words, another con-
straint relates to the supply and demand constraints throughout the sys-
tem. Under this limitation, all the energy required by the system, the
energy, and material required by the system must be supplied through
existing technologies and input resources for studies.

20
Z Z TMi,in,t < TMdemand,total,t (14)
=11

Another limitation is the capacity of each technology. According to
the technologies available in the market, a limitation of the high capac-
ity for technologies has been selected for each technology:

CT, < a; (15)

it =

Here, a is the upper limit of each technology.

On the other hand, each technology produces some waste and efflu-
ent. Each of these streams has been converted into energy, water, and
materials according to waste management technologies. Each of these
technologies is also included in this model. the model of agriculture
and natural ecosystems includes the annual growth rate of tomatoes,
dates, mangroves, and grassland species. In the agriculture ecosystem,
constraints on nutrients change the growth rate of agricultural species,
which enables the projection of agricultural products. Michaelis-Menten
method (as a developed Liebig law) and biomass generation factor have
been used for evaluation of the growth of agrarian product and biomass
generation, respectively. The rate of biomass generation is used to cal-
culate the rate of depletion of natural resources. The rate of depletion
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of mangrove forests is therefore estimated based on [4]. The main con-
straints of nutrients are related to the demand for nutrients required for
sustaining plant growth. On the other hand, the concentration of the
nutrient is increased because of the rate of waste decomposition in the
soil due to waste production by population growth in the area. The min-
imum amount of nutrients required and the amount of nutrients added
to the soil over time determine the amount of demand for nutrients.
Variation of soil SOM concentration depends on different types of the
pool(Non-woody biomass, Woody biomass, Litter, CWD, Fast, Slow, and
Passive SOM) [6,7,34,39]. The transient dynamics of terrestrial carbon
storage are determined by two components: the C storage capacity and
the C storage potential [38]. Table 1 shows different interactions be-
tween Soil- Crop in this study.

Per FOREMAN model is used for the mangrove forest growth, is
based on soil salinity, nutrients availability, temperature, and light ra-
diation. The growth equation of this model is as Table 2 [24]. More
detailed data on this method has been illustrated in Appendix A.

Regarding different interactions in different technologies and differ-
ent ecosystem interactions, the main roadmap of developing this system
has been proposed in this paper.

Results and discussion

Interactions between different sectors in Shif Island are shown in
Fig. 1. The figure also indicates different technologies that can be ap-
plied in the region. The model structure of various technologies is pre-
sented in the appendix. The concept of Water-Energy and Food inter-
actions (WEF) has emerged in response to the climate change impacts
and the social changes, e.g., population growth, globalization, economic
growth, urbanization, growing inequalities, and social dissatisfaction.
These issues put more pressure on water, energy, and food resources.
In this section, the results of two main scenarios based on Table 3; an
eco-industrial park and ecotourism rural region have been illustrated,
and the effects of these developing approach in Shif Island development
has been discussed.

Study area

Shif island is a small rural region near the Persian Gulf (Fig. 3). It is
located north of Bushehr Port and at the end of Helleh wetland, which
is composed of the interconnection of Shapour and Dalaki rivers. A par-
ticular characteristic of this island is that about 40% of the island is
affected by tidal streams.

The special feature of this island is that about 40% of the island is
affected by tidal currents. Shif Island is a coastal area and has a high
potential for tourism development. Due to the lack of proper manage-
ment, in recent decades, not only the number of tourists in this area has
decreased, but the area itself has also suffered widespread destruction.
So, in this research, taking into account the potential of the region’s
ecosystem and its development requirements, it has been investigated.

Different technology development in the rural region (Shif Island)

In this model, recycling, composting, and energy generation pro-
cesses are reviewed as the relevant waste management technologies in
Shif Island. Like this model, about 45% of urban waste (food waste) is
suggested using as compost, 30% use in the recycling process, and a
small percentage of waste can be utilized in the energy production unit.

The number of available nutrients based on agricultural production
and land productivity is calculated according to Liebig Law. Phospho-
rus, nitrogen, and potassium are the most important nutrients for plant
growth. According to the Liebig Law (minimum level of nutrient require-
ments for plant growth), the plant nutrient demand, its accumulation in
the land, and the nutrient changes can be measurable. In this study,
biomass generation as a source of nutrients has been used, and in the
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Popp, + Nep + Froacning, + Fsurf,, + Fyeathering + Focer,
Npp =Ney,+ Ney + Froachingy + Faep,- Por, =
Nep + Fireaching, + Fourg, + F +F,

weathering occlp

Table 1
Different interaction between Soil- Crop.
Equation
Equation number  Description
2 Minimum;(AY 4. Ni» P, Ky, 1),
Crop,, = Y, i = l(tomato), 2(date, tree) ! (16) Crop Growth function(Crop,,) developing grassland and mangrove forest ecosystems depend
=1 N(Nitrogen), P(Phosphorus), K (potassium) on their cultivation factors and nutrient limitation [15]. CF : cultivation factor.
U, = Biomass factor; x Crop, (i = date tree, tomato and grassland), (17) Michaelis-Menten method (as a developed Liebig law) used for crop growth and nutrient
Crop;; = CF,;, x Area,, (i =3(grassland), 4(mangrove forest) (18) limitation
Area,, : cultivating area
et AY i Ny Pp, K, t: Maximum growth rate
U, = % “;17711 1> (19) For mangrove forests, biomass generation is based on the prediction of depletion of natural
a = 1.02(unsustainable), 1.05(limited sustainable) resources [32].”
, 1.1(sustainable) S : natural resource stock
n n
X;t) = (X fybjut) - ¥ fmx) x7; (20) f; is a fraction of C transferred from pool j to i through all the pathways, b; is a partitioning
i=t =t coefficient of C input to the jth pool, u(?) u(t) is C input rate, r; measures residence times of
individual pools in isolation, x", is the net C change in the jth pool, X,(?) is the C storage in
the i pool. The first term on the right-hand side of the above equation is the C storage
capacity, and the second term is the C storage potential®.
xj () = Xpa® ,Xj = constant,xj = [1;1;1;0.91;0.21;0.23;0.79;0.93] (21) xj (t) is the variation of carbon concentration in each pool.
X,,,-(t)i 7; . Residence time, X ,;(?) is the sum of all the individual net C pool changes. In mangrove
= ——" forest, carbon efficiency and carbon canopy (annual carbon capture) are 0.33 and 032,
xJ' (@) respectively [5]
u, = mangrovec - +grasslandc (22) Carbon canopy is the sum of mangrove and grassland carbon canopy. u, is C input rate
Nrp, = Csop, X (6), Nry, = Csop, X (ﬁ)’ (23) Biomass SOM can be used for calculating nitrogen and phosphorous concentrations in soil.
CN =[16;13;7.9], Nrp,:P concentration in residue; Cgqy, :carbon concentration in soil (SOM size); CP:C to P
CP = [110;320; 114](six scenarios) [19] ratio; Nry, : N concentration in residue; CN: C to N ratio
4
N pp, = %, Compost; , x Crop;, X N, + Fertilizer; ;X Crop;, x N;;, (24) The amount of nutrients is obtained from fertilizers and compost.
b N, applied nitrogen
Py, = X Compost; X Crop;, X Pc; + Fertilizer; , x Crop;, X P, (25) N ¢, nitrogen concentration of compost
= N, ;: nitrogen concentration of fertilizer
P, applied phosphorus
P ;: phosphorus concentration of compost
P, ,;: phosphorus concentration of fertilizer
Py, =Py, +Nrpy,, Njy=Ngp, +Nry, (26) Ny, and P, are decomposed amounts of N and P.
Nyee, =kj X Ny X9 X1, Ky =00438, ro,r, =1 N, ,and P, are pool sizes (gm~2) of nitrogen and phosphorus, respectively (j from 1 to 7
Pyec, =kjo X Py Xrgxr, ky,=000438, ro,r, =1 represents the soil organic matter pools: CWD, metabolic litter, cellulose litter, lignin litter,
fast soil organic carbon (SOC), median SOC, slow SOC); Niec,> Paec, ar€ N and P
decomposition; ky,, k; , are the rate constant of soil organic matter decay (s ~ 1)
ry, Ty (dimensionless) are soil temperature and moisture environmental regulators
n
F Nty = Z N gee, X max(CLN - ng—;v,O) X fi F Prs, Mobilization, immobilization (mineralization), leaching, nitrogen loss, deposition,
n J | g 27) phosphorous surface loss, occlusion, Soil nutrient demand, and depletion of different
Z Pec, X max(a - C—'P,O) X fi (28) nutrient resources
J n . g; is the Percentage of carbon that remains in the soil after decomposition of ith SOM
FN.M,.h, =X Ny, X max(% - W,o) X fi» F Pinmeny = (29) Fw.,,: Fp,, are mOPl]lZﬂtlf)Tl ﬂl'lxes of soil mm'eral. mtroge.n and phosphorus
n J Nommos,* F P, A€ immobilization fluxes of soil mineral nitrogen and phosphorus
Y Py X max(i — L’Q) X £ (30) CN is Soil organic matter CN ratio
J ' cp CP CP is Soil organic matter CP ratio
Ney, =N, + FNmb, + F’me,‘ Nep, =—Pgec, + F"m«b, + F”mmob, (31) Ney , Nep : nutrient erosion(P: phosphorus and N: nitrogen)
Neg, =0006x Ny, (32) Ne I gaseolus nitrogen loss
&
Fy = Napp, K., : deposition reaction coefficient
o K, (+ Nopp, 4+ 0:000125 FN i, 0.0012 F,, is the adsorption flux
"el’wm § &11 2 0.04x 1000 * 0.011 (33) lem‘ is P occlusion flux
Fourg, = oI+ P 7 K .. is P occlude rate
’ app; 6 P is sorbed P content
Focet,, = Kocer X Py Koeey = 12X 1077, Py =02 Fleqching, is nitrate leaching
Np, =Nap, + Neg + New + Fieaching, + Faepy» Pp, = (B34 F,L.e,,,he,,v:g is lost Parent material by weathering

Py, : depletion of P
Fleaching,* 1€aching of P

1 The trend of maximum yield of tomato, date, mangrove and grassland growth predicts by FAO data [15].
2 The trend of maximum yield of tomato, date, mangrove and grassland growth predicts by FAO data [15].
3 In fact, this equation shows that at a given time, the amount of carbon in each pool is calculated from the difference between carbon storage capacity and carbon

storage potential.

[0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00]
0.00 000 000 000 000 0.00 1.00 0.00
0.00 000 000 000 000 1.00 0.00 0.00
X )= 0.00 000 000 000 091 0.80 038 0.02 -
P 0.00 000 000 021 000 000 091 0.00
0.00 000 023 022 088 057 060 001
000 079 025 023 052 030 0.89 0.00
1093 088 0.16 022 032 020 087 0.01]
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Table 2
The mangrove forest growth based on soil salinity, nutrients availability, temperature, and light radiation.
Equation
Equation number Description
GD(1 — L)

dD DH, .y,

—_— =% (35) Per FOREMAN model

dt — 274+ 3b,D —4b,D?

S(salt). N(NUT).T(DEGD).r(AL)

1 o L
S(salt) = —————— (36) The growth multiplier of salinity in FORMAN [24]
1+ expd(U; ~U) U: Constant for salt effect on growth (g/kg)

N(NUT)=c¢, +c;RNA + c;RN A® 37) constrain the growth of plants in response to nutrient availability [58]
¢1,5,3 are constants; The nutrient availability index (RNA) is the ratio of phosphate concentration to
the maximum phosphate content.

DEGD,,, * - . ] :

T(DEGD)=1-— (TGD) (38) The temperature multiplier T (DEGD) in the FORMAN model describes the global effect of climate on
mangrove growth [51].
DEGD,,,: Minimum growth degree days
DEGD: growth degree days

CF, =CF,_, x ‘2—? (39) Mangrove growth rate (dD/dt) is related to the cultivating factors in different periods (productivity

levels). If the condition is ideal, the productivity level is equal to 1, and various factors such as
salinity, nutrients availability, heavy metals, and climatic factors can change the mangrove forest
productivity levels.

Table 3
Scenario description in the studied area.
Scenario Description
Scenario I Eco-industrial park development (zero waste) without tourism development

Scenario IT

Eco-industrial park development (zero waste) regarding eco-tourism development

long- term, urban and industrial waste disposal and population mor-
tality increase the nutrient content of the soil. Two population growth
scenarios (with and without ecotourism) can generate municipal waste.
Commonly, municipal waste is a mixture of food, wood, paper, fibers,
and textiles, and plastics waste. Also, a part of urban waste could be re-
covered as energy resources. For example, compost generation of food
waste, electrical energy of wood and paper waste, and a part of the waste
can be recovered and recycled, such as plastics. In terms of tourism de-
velopment, from 2017, tourists are taking account as a source of value-
added in this region, then the waste generation increases as a steeper.
In the last year, waste generation was about 405 tons in the ecotourism
development scenario, and, in the same year, in the absence of tourism
development, 151 tons of waste was produced. In the industrial sec-
tor, by increasing population growth (ecotourism), the fish processing

capacity can increase. Consequently, the amount of energy carrier pro-
duction (as biodiesel) due to fishery waste will increase.

Given the region’s potential, Shif Island has the potential to develop
an ecotourism area with a capacity of about 2067 tourists. To meet the
demand for tourism, it is necessary to identify the needed resources ac-
cording to the potential of the region. As Fig. 4, It can be seen that the
amount of required demand by the region is increasing as the increase’s
population. Non-domestic water, which is mostly related to industrial
(fishing) activities, has a growing trend according to the potentials of
the region.

Due to the population increase in the early years, the lower capacity
of technologies (desolanator, RO, and thermal desalination) has been
selected. Furthermore, population increase and the need for a larger ca-
pacity of freshwater generation system, the centralized thermal water

Fig. 3. The location of the study area.

B
Miles
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1200 Fig. 4. Water demand increment with ecotourism develop-
! ment.
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desalination system has been selected. It is worth noting that thermal
desalination technology has been selected as a centralized clean tech-
nology due to the use of solar energy (Fig. 5).

Given the importance of food security and ecosystem quality, land
use limitations have become very important in recent years. The optimal
land allocation is 45% of the total area for the rural population, 14%
related to tourism development infrastructure, 10% for algal cultivating,
9% for urban waste management, 8% for industrial waste management
and biodiesel production, 5% for desalinating, 5% Ice production, 4%
of fish processing and less than 1% of the wastewater treatment unit.

Furthermore, rural and tourist population growth are the main con-
tributors to the carbon footprint in this region. Based on the modeling
results, from 2017, the carbon footprint of tourism development has
increased. In contrast, the carbon footprint of urban populations has de-
creased, and from 2025, the percentage of carbon emissions of tourists
will increase. In the last year, 63% of carbon emissions were due to
tourist development. Carbon sinks include the atmosphere, algal culti-
vating, the sea, and photosynthesis processes. Over 20 years, 31 percent
of carbon is released into the atmosphere, the sea absorbs 31 percent,
28 percent is absorbed in the algae cultivating process, and 10 percent
carbon is absorbed in the photosynthesis process.

Waste management technologies will be selected from the first year
to 2018, and water desalination technologies and other sustainable
ecosystem development technologies will be developed to significant ca-
pacity by 2025, and agriculture will be developed from 2025 to 2030.
The presence of tourists on the island is recommended from the first
year, although, the development of tourism changes the amount of value
added by less than one percent.

In this regard, the rural value-added changes under the developing
economic activities in that village are illustrated in Figs. 6 and 7. It is
shown, developing an efficient industry could increase the value-added
in this village considerably. Other activities are not as effective as fishing
when it comes to the development of the village. These means where the
suitable activity in the village is identified (based on Agro-Complex),
which can lead to considerable economic potential for the village.

Ecosystem flow analysis in optimum model in terms of resource nexus

For developing a sustainable eco-industrial region, maximizing eco-
efficiency should show that all of the input and the output material and

energy flow in Shif Island have been managed and organized. It means
that the most important flow analysis includes the value of streams,
the amount of resources withdrawal, and waste discharge to the en-
vironment. The results illustrate that in the optimal mode, how many
resources will be destroyed and discharged into the atmosphere. In the
next step, the analysis of mass flows is considered in different supply
chains.

Throughout the last year, water withdrawal from the sea would reach
2000 tons. The change/variations in the number of different elements
and compounds such as magnesium, calcium, salt, nitrate, and phos-
phate in seawater discharge and input are estimated for the last year.
Throughout the same year, the optimum level of sewage discharge to the
sea is estimated up to 34 tons per year. The cumulative amount of these
compounds and elements in these 20 years are presented in Table 4.

The most important nutrients for plant growth are nitrogen, phos-
phorous, and potassium. Therefore, estimating their current and re-
quired concentrations for plant growth has crucial importance.

In this regard, considering the low concentration of nutrients in the
soil by 2030, agriculture development is not suggested suitable. From
this year forth, the nutrient could be supplied using sewage discharge,
dead organisms’ decomposition, and composting process with adding
fertilizers. In the next step, the concentrations of heavy metals (Ni, Zn,
and Cd) are estimated in the first and last years, and finally, the cu-
mulative levels of said elements and the number of nutrients that leave
the system boundaries (Shif Island) like agricultural products are deter-
mined (Table 5).

Table 4

Mass balance in hydrosphere in the last year.
Material Input (seawater) Discharge (to Seawater) Accumulation
TDS (kg) 70,000 300,126.54 230,126.54
COD (kg) 2 273,775.64 273,773.64
BOD (kg) — 19,848.73 19,848.73
Ca(kg) 832 21,286.06 20,454.06
Mg(kg) 2588 19,814.51 17,226.51
sulfate(kg) 5424 20,190.95 14,766.95
Nitrate(kg) 0.09672 1574.21 1574.11
Cl(kg) 38,706
salinity(kg) 804,000 813,068.82 9068.82
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Fig. 6. Value-added variation based on developing technolo-
gies in this rural region.
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Different materials in this region can be predicted as different meth-
ods. Available nutrients, water, and energy have been explained in the
next sections.

Eco-Industrial Park- Zero Municipal solid waste(MSW)

One of the most important issues in Shif Island is the lack of waste
management technologies. In order to develop this region and transform
it into a green and sustainable one, waste management is necessary. In
the structure of the main model, the discharge rate to the environment
should be lower than the permissible limit.

In this scenario, the main structure of the waste management tech-
nology model has been taken into consideration. The optimal capacity
of the units has been determined based on the amount of waste produc-
tion. The optimum discharge rate of the landfill is very low, and it does
not make significant environmental impacts. It makes a little difference
to the first optimum model because of environmental effects (Fig. 8).

The value-added generation in the region has increased the invest-
ment in industrial activities. The fishery is the dominant activity in the
region, which can bring a lot of economic potential to the region. The
lack of an ice-making system in the region has limited the revenue from
this activity in the base year. So, in the present model, due to the devel-
opment of the ice-making system in the region, this industry has devel-

Table 5
Mass balance in Lithosphere in the last year.
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Fig. 7. Economic analysis of nexus model in the case study.
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oped in the region. The development of this industry causes the produc-
tion of a lot of valuable waste (fertilizer and energy generation) in the
region (Fig. 9).

Waste- Water and energy nexus in the regional level

One of the priorities of regional development is to minimize the
waste discharged into the environment through the high value-added
products in the region. In Fig. 10, the amount of waste generated from
different sections (agriculture, industry, and household), and how the
model decides on the waste management is shown. Waste management
technologies have been selected in the early years. The development of
an industrial park means identifying regional potentials for the waste
management market. Due to the priorities of reducing regional pollu-
tion, a large part of industrial assets is dedicated to the production of lig-
uid fuel for the transportation sector, which requires for the ecotourism
population. Compost generation has been selected as one of the sources
of economic value-added production in the second stage. Energy gener-
ation from biomass has been selected for the power generation for the
nexus of waste, water, and energy development in this model.

Industrial waste management, which mainly consists of fishery and
ice-making processes. Because of the composition of fish meat, this kind
of waste has a good potential for biodiesel production, which can be
done through the anaerobic digestion process, transesterification pro-

Materials soil load Output (by agriculture products)  net
Nitrogen(ton/ha) 13.49 +1570 —248.580 +1334.9
Phosphorous(ton/ha) 5.1 +2623.16 —298.2 +2330.06
Potassium(ton/ha) 12.74 +4710.8 —2981.82 +1741.72
Ni concentration in soil (kg/ton) 0.08 +0.087 +0.006
Zn concentration in soil (kg/ton) 0.046 +10.74 +10.7

Cd concentration in soil (kg/ton) 0.0004 +128.71 +128.7

Accumulation (+)/ consumption (-).

10
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cess, and biodiesel production. For this reason, the construction of this
unit and its capacity are defined as a decision variable. In this scenario,
which has zero industrial waste to the environment as a constrain, all
waste generated in the biodiesel production process should be used.
Urban wastewater discharge is associated with social costs and affects
the environmental impact index. In the main structure of the model, in
order to wastewater management, the process of sanitary wastewater
treatment has been considered (active sludge technology). Wastewater
treatment units are added to the undrinkable water and are used for
irrigation and household consumption.

Soil- waste nexus development in the regional level

One of the most important uses of agricultural waste is related to
agricultural fertilizer generation. Moreover, the management of efflu-
ents from the domestic sector produces is a considerable valuable waste
for agricultural activities (qualified fertilizer)

Based on the number of available nutrients, and the crop growth
rate, the amount of fertilizer and compost are calculated (Fig. 11). Due
to the low cost of compost and decreasing the environmental effects,
composting would be better than fertilizer.

Waste management and value-added in the regional level

As shown in Fig. 12, It hasn’t been having a considerable effect on the
value-added changes in the waste management process. Waste manage-
ment processes lead to generating the high valuable by-products. Rubber
and plastics are valued at about $ 250 per ton and fertilizer costs fluc-
tuate from 120 $ to 240 $ per ton. Waste management, along with the
effects of emissions reductions, can largely offset the technology costs
in the early years of investment.

Eco-Efficiency: system and ecosystem development

It is clear that the increased population in the ecotourism develop-
ment scenario has little differentiation with rural population growth.
Because the value-added of ecotourism development is very low. As ex-
pected, the highest value-added is related to the fishery process unit, and
other sectors have a small percentage of the total value-added. More-
over, Fig. 13 shows the variation of income, Cost, and Value-added over
time.

Life cycle analysis has been considered in the context of environ-
mental management. In this regard, the Eco-indicator 99 has been rec-

20 b Fig. 10. waste management strategy in the case study.
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ognized as a method for environmental impact assessment, and Eco-
indicator 99 variation index is observed in the optimal time
Eco-efficiency is the objective function defined as the ratio of value-
added to the environmental impact. In Figs. 14 and 15, eco-efficiency
variations are observed during the time interval considered. The total
value-added of the system is incremental and linear, and Eco-indicator
99 values decrease in the first years and then move to a constant amount
(zero). By 2025, the Eco-indicator 99 index has a significant value, and
the value-added is not very high due to the investment costs required
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Fig. 13. The Chart of Income, Cost, and Value-added change
over time.

to develop different infrastructures, the eco-efficiency is negligible and
close to zero. From 2025 onward, the Eco-indicator 99 index converges
to a steady amount, and value-added has significant growth, then eco-
efficiency increases. This trend continues until the final year. In this
regard, waste management technologies will be selected from the first
year up to 2018, water desalination technologies and other sustainable
ecosystem development technologies will be developed based on tech-
nology capacity growth by 2025. The agriculture supply chain will be
developed from 2025 to 2030. In general, If Eco-tourism development
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Fig. 14. Eco-efficiency variation during the time interval.
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= Fig. 15. The Eco-efficiency Score (%) in Shif Island.
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Shif Island, so the Environmental Impact Assessment Index has been
modest, and moved to close to zero.

Sensitivity analysis and validation of the model

The validation of these types of models is very limited. Since the
accessibility of ecosystem laboratory information is limited, therefore,
in this research, all parts of the model have been validated seperately.
In the water-food-energy sector, it has been used the sensitivity analysis
on the main parameters(fertilizer and water price, and electricity tariff)
. In the soil-agriculture model, this model has been validated by using
the available data in the Lue paper [38,39] to check the applicability of
the soil sector.

Sensitivity analysis of the model based on fertilizer price

Regional studies on the changes in fertilizer prices have shown that
this parameter changes regionally and seasonally, and changes in this
parameter have many effects on the choice of technologies. Hence, in
this study, the sensitivity of the model is investigated based on the va-
riety of fertilizer prices.

As shown in Fig. 17, by changing the price of fertilizer from 1 cent/kg
in the first case, to 4 cents/kg in the third case, the model has shown
great sensitivity to this parameter. At a price of 1 Toman per kilogram,
the model has all the choices related to fertilizer needed to feed the
land to purchase fertilizer, and compost fertilizer production technology
is not a priority for the model. With the increase in fertilizer price, the
model has shown a lot of sensitivity and at the price of 2 and 4 cents/kg,
respectively, has reduced the share of purchased fertilizer from the mar-
ket and has given priority to compost fertilizer production technology
(Fig. 17).
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Fig. 17. Sensitivity analysis of the model based on fertilizer price(with eco-
tourism development).

Sensitivity analysis of the model based on electricity tariff

One of the main parameters in determining the optimal technology
for electricity generation is electricity tariffs. Considering the electric-
ity tariff changes from 2.5 cents/kWh to 10 cents/kWh, the changes
in the technology selection ratio are shown in Table 6. Given that the
electricity tariff of the network affects the share of different electricity
power generation, therefore, initially, a large percentage of electricity
has been generated from the network. With the increase in electricity
tariffs, the share of CHP technology, then solar electricity, and other
technologies has increased. Given the cost of energy generation for a
variety of technologies, which are CHP, solar, waste management, and
tidal power, respectively, the model has behaved quite correctly in the
choice of technologies.

Table 6
Sensitivity analysis of the model based on electricity tariff (with
ecotourism development).

Technology 2.5 cents/kWh 6 cents/kWh 10 cents/kWh

PV

CHP

Tidal technology
Waste to energy
Grid

16%
20%
4%

12%
48%

9%
13%
4%
6%
68%

8%
4%
4%
4%
80%
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Fig. 18. Sensitivity analysis and validation of the model based on water price,
and water (with ecotourism development).

Sensitivity analysis of the model based on water price

One of the sensitive parameters of the model is the water tariff, which
affects the selected capacity of various wastewater treatment technolo-
gies. In this regard, the sensitivity of the model to changes in water
prices and its effect on changes in the capacity of wastewater treatment
systems have been investigated. As shown in Fig. 53, changes in water
tariff have significant effects on changes in the selected capacity of the
model. By increasing the price of water purchased from the network,
the model has significantly increased the capacity of the wastewater
treatment system (Fig. 18).

Validation of soil carbon (SOM) model

In order to validate the soil organic phase model, this study uses the
predicted and experimental data which Luo used in his papers [38,39].
The output of the SOM prediction model, which contains the concentra-
tion of different pools in the soil, is calculated. The predicted trend of
the SOM model is shown in Fig. 19.
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By comparing the output of this paper and Luo paper, the error rate
varies from 0.3% to 8.5%, and the average error is 4.4%.

Validation of nitrogen-phosphorus model

In order to validate the nitrogen and phosphorus competition model,
the error rates of model output and actual data(Nutrient competition
data in Tapajos National Forest [61]) are considered. The error rate of
nitrogen and phosphorous competition is 17% and 1.4% error rate, re-
spectively (Figs. 20 and 21).

Conclusions

Since we are witnessing inevitable resource scarcity in most civi-
lized regions, the Water-Energy-Food-Ecosystem Nexus (WEFE Nexus)
approach highlights the interdependence of water, energy, and food se-
curity and ecosystems — water, soil, and land - and identifies mutually
beneficial responses based on understanding the synergies between wa-
ter, energy and agriculture policies. On the other hand, according to the
regional potential according to the type of ecosystem, the WEFE Nexus
approach can use specific solutions based on different levels of interven-
tions to achieve long-term economic, environmental, and social goals.

In this research, an integrated model of regional sustainable devel-
opment has been proposed in order to reduce the consumption of ma-
terials and energy directly and indirectly, along with concerning the
importance of economic development in a rural area. Regional plan-
ning includes forecasting the amount of nutrients (estimation of soil or-
ganic composition followed by estimation of phosphorus, nitrogen, and
potassium), waste management in line with the development of the eco-
industrial area, development of natural resources (mangrove forests) us-
ing the control of depletion of natural resources (biomass production),
development of sustainable agricultural chain (analysis of nutrient lim-
itation based on Liebig’s law) and restoration of waste streams in order
to manage the resources. This model has been developed considering
demand (in two scenarios: with and without sustainable tourism devel-
opment) and supply chains in the ecosystem and human works. Due
to the review of re-use regenerators and regenerative recoveries in the
model, it has been possible to develop a hybrid technology to consider

Fig. 19. The predicted trend of SOM model us-
ing Luo paper carbon canopy.
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Fig. 20. Validation of nutrient competition data in Tapajos
National Forest (Nitrogen).
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Fig. 21. Validation of nutrient competition data in Tapajos
National Forest (Phosphorous) [30].
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the cost of changing the effects of breakthroughs on the regeneration
of the ecosystem. In this model, the producers of materials and energy
are the main inputs of the ecosystem, and the outputs of the ecosystem
include the outputs of the agriculture, forestry, animal husbandry, and
fishing in remote areas, as well as mineral resources (industrial raw ma-
terials and fossil resources), solar energy and geothermal energy and
other cases.

In general, in this paper, the symbiosis between living and non-living
parts in the ecosystem has been developed in terms of the hybrid tech-
nology development to minimize the dynamic cost of changes, which
can be suggested as the way to restore the ecosystem by considering the
development and finally reached an optimal path for the development
of living and non-living systems.

The use of optimization models in the management of water, energy,
and food resources in nexus consideration, provides suitable options for
political decision-makers, managers, and planners of these three sectors
to preserve existing resources and achieve sustainable development, and
pursue new climate water and earth energy analyzes to meet regional,
national or global challenges and possibilities. In this regard, the devel-
oped model in this paper has comprehensive various aspects.
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Appendix A

Table A-1 has presented the main parameters of the FOREMAN
model.

Table A-1

The main parameters of FOREMAN model.
Parameters Item Value
b2 Constant in height 48.04
DH D multiply in H 1.4x35
D The diameter of the crop (cm) 1.4
Hax Maximum height(cm) 35
GD Growth constant 162
DEGD,;, Minimum growth degree days 25
DEGD growth degree days 36
C, constant -0.5
C, constant 2.88
Cs constant —-1.66
1, (light availability) Light availability index 1
d Constant for salt on growth -0.18
Salt,s (salinity factor at Maximum number of sapling 100

S =0.5) recruits per plot per year

15

2100

—@— phosphorous added(pg/g)_actual
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