ChinaRxiv [$X]

AT translation - View original & related papers at
chinarxiv.org/items/chinaxiv-201803.00251

Fuzzy Two-Stage Optimization Method Applied
to Ecosystem Planning in Dongying City: Post-
print

Authors: Jin Shuwei, Zhang Kai

Date: 2018-03-08T00:00:00+00:00

Abstract

Dongying City’ s economy is primarily dominated by the petrochemical indus-
try, which occupies substantial land resources and generates large quantities
of pollutants, exerting significant negative impacts on the sustainable develop-
ment of the local ecosystem. The land transaction mechanism represents an
effective planning approach that can facilitate the transformation of land use
value from low to high. In practical ecosystem management planning, input
parameters are subject to uncertainty due to inevitable errors and data miss-
ingness, which constrains deterministic optimization methods. This study will
employ a fuzzy two-stage optimization method to address fuzzy and random
uncertain information within the system; simultaneously, the transaction mech-
anism will be introduced into regional ecosystem planning. Through compara-
tive analysis between transaction and non-transaction modes, land transaction
volumes, ecological service values, and industrial pollutant emission levels un-
der both modes can be obtained. The results demonstrate that the transaction
mode is suitable for the current sustainable development strategy of Dongying’
s ecosystem; the proposed method serves as an effective tool for analyzing and
processing uncertainty within systems. Furthermore, quantitative analysis can
assist decision-makers in more thoroughly examining the relationship between
ecological service value and economic benefits. This study explores pathways
to sustainable development through the land transaction mechanism in regional
ecosystems, providing feasible recommendations for local economic and ecologi-
cal development.
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Abstract

Dongying’ s economy relies heavily on the petrochemical industry, which oc-
cupies considerable land resources and produces large quantities of pollutants,
creating significant negative impacts on the sustainable development of the lo-
cal ecosystem. Land trading is an effective planning method that can increase
ecosystem services by encouraging their movement from low-value to high-value
uses. However, inherent complexities and uncertainties exist in practical re-
gional ecosystem management due to inevitable errors and data losses, which
have placed the issue beyond the scope of conventional deterministic optimiza-
tion methods. This study employs a fuzzy two-stage method to tackle fuzzy
and stochastic uncertainties. A land trading mechanism was introduced to
assist regional ecosystem planning. Improvements in land trading, ecological
service value, and pollutant emissions have occurred under both trading and
non-trading scenarios. The results show that the land trading mechanism is
suitable for the regional ecosystem and sustainable development, and the pro-
posed method is an effective tool for analyzing and dealing with uncertainties
in the system. In addition, quantitative analysis can help policymakers conduct
in-depth analyses of tradeoffs between ecological service value and economic
benefits. This study explores a transition pathway for sustainable development
through a land trading mechanism and provides suggestions for local economic
and ecological development.

Keywords: ecosystem planning; land trading mechanism; fuzzy and stochastic
uncertainties

1. Current Status of Dongying’ s Ecosystem

Dongying is located in the Yellow River Delta region of northern Shandong
Province, serving as an important node in the Bohai Rim Economic Zone and
a key component of the Shandong Peninsula urban agglomeration. It occu-
pies a pivotal position connecting the Central Plains Economic Zone with the
Northeast Economic Zone, as well as the Beijing-Tianjin-Tangshan Economic
Zone with the Jiaodong Peninsula Economic Zone. The city covers a land
area of 7,923 km? and relies on China’ s second-largest petroleum industrial
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base. However, land resources struggle to meet socio-economic development
needs. Dongying’ s coastline stretches 412.67 km, accounting for a significant
portion of Shandong’ s coastal length. With rapid economic development and
population growth, the local government has initiated coastal land reclamation
projects, converting portions of tidal flats into agricultural land and extensive
aquaculture operations. The city has vigorously developed industrial zones, new
towns, and large-scale infrastructure, including coastal tourism areas.

While Dongying has achieved tremendous economic progress, the local ecologi-
cal environment has paid a heavy price. Large tracts of natural wetlands have
been transformed into urban areas, ports, and coastal industrial parks. The soil
fragmentation index has increased, and pollution has continuously degraded wet-
land ecosystems. Long-term discharge of industrial and agricultural wastewater
has led to water pollution and eutrophication, with wetlands’ ecological func-
tions in constant decline. Due to high-intensity, high-speed land exploitation,
the local ecosystem has evolved into a severely degraded area, threatening the
living environment of wetland organisms. The area of beach wetlands has de-
creased by 1/9. Exploring rational and effective ecosystem development models
is crucial for regional sustainable development.

2. Model Construction and Solution for the Trading Mech-
anism

The model comprehensively considers multiple ecological and environmental el-
ements, including energy production and processing industries, pollutants gen-
erated from energy activities, water chemical oxygen demand (COD), ammo-
nia nitrogen content, and wastewater discharge. The model also accounts for
ecosystem service values, encompassing direct service value (reed and hay prod-
uct production value) and indirect service values such as biodiversity, water
conservation, and pollution purification. The objective is to maximize system
benefits under a series of constraints.

2.1 Model Formulation

The objective function is formulated as:

f= ZZABit'PCAit+ZZABmt'WAmt_ZZzpith'DTct'EXPWith
it m ot i t h

where: - AB;, = PC;, — [PC,, - PCI,, - SOC,| — PC,, - PCR,, - TC, + PDW,, -
PS,,-PC,,-SI,— PDS,,- PDP,,,,- PMC,— PDSO,, - AB,,, = (PAB, - PAT, -
PB,,,)+(RDB,-RDT,-RB,,)+ (WPM,, - PMC,-YP,,)+(WPM,,,- PMC,-
YC,-YP,,) + (WSO,, - SOC,) + (PSA, - SA,,,) + (WP, - ZP,,, - ZCI,) +

(RP,, - V,) + (RP,,; - RO, - RCI,)

mt
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Parameter Definitions: - f: System benefit - ¢: Planning period - i: Indus-
trial type - m: Wetland type - h: Probability level - AB,,: Benefit per unit area
for industry ¢ in period ¢ - AB,,,,: Benefit per unit area for wetland m in period
t - PCA;;: Planned area for industry ¢ in period ¢t - WA, ,,: Planned area for
wetland m in period ¢ - p,,,: Probability of wastewater discharge from industry
i in period t at level h - DT'C,: Economic penalty for exceeding wastewater
standards in period t - EXPW,,;,: Excess wastewater volume from industry i
in period ¢ at level h - PC;;: Unit area output value for industry ¢ in period ¢
(10 yuan/hm?) - PCI,,: Unit product benefit for industry ¢ in period ¢ - SOC,:
Solid waste treatment cost in period ¢ - PCR,,: Unit product production cost
for industry ¢ in period ¢t - T'C,: Carbon tax rate in period t - PDW,,: Wastew-
ater processed per unit area for industry ¢ in period ¢ (t/t) - PS;,: Solid waste
emission per unit product for industry ¢ in period ¢ - SI,: Recyclable solid waste
cost per unit product in period ¢ - PDS,;: Solid waste processed per unit area
for industry 7 in period ¢ (t/t) - PDP,,;,: Processing amount for energy industry
i in period t (t/t) - PDSO,,: Processing amount for energy industry ¢ in period
t (t/t) - PAB,: Hay benefit per ton from wetlands in period t - PAT,: Hay
quantity per unit area in period ¢ (t/hm?) - Pj,,,: Wetland grass percentage
coeflicient in period ¢ - RDB,: Reed benefit per ton from wetlands in period ¢ -
RDT,: Reed quantity per unit area in period ¢ (t/hm?) - Rj,,,: Wetland reed
percentage coeflicient in period t - WPM,,,: Water purification capacity per
unit area for wetland m in period ¢t (t/hm?) - PMC,: Wastewater treatment
cost in period ¢ - Y P,,,: Annual tourist volume per unit area for wetland m in
period ¢ (person/hm?) - Y'C,: Tourism cost per tourist in period ¢t - WSO,,,:
Water conservation capacity of wetland m in period ¢ (t/hm?) - PSA,: Animal
benefit per head from wetlands in period ¢ - SA,,,: Bird quantity per unit area
in period ¢ (kg/hm?) - WP, ,: Water quality purification capacity per unit area
for wetland m in period t (t/hm?) - ZP, ,: Soil erosion modulus for wetland
m in period ¢ (kg/hm?) - ZC1,: River dredging cost in Dongying in period ¢ -
RP,,,: Species diversity benefit per unit area in period ¢ - V,: Benefit per unit
area for species diversity in period ¢ - RO,: Rainfall runoff coeflicient in period
t - RCI,: Industrial oxygen production cost in period ¢

2.2 Constraints

Land Resource Allocation Constraint: Land resource allocation affects
regional economic, ecosystem, and societal sustainable development. This con-
straint ensures that the sum of land allocation across industries does not exceed
the total planned area.

PCA;, + WA, <TA,, vt

where T'A, is the total planned area in period ¢.

Water Environment Constraint: The water environment system is a crucial
ecosystem component. Once wastewater discharge exceeds the self-purification
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capacity, it affects the entire ecosystem. This constraint primarily limits pollu-
tant emissions to ensure wetland ecosystems can process pollutants.

Wastewater discharge limit:

(PW,, - PC;, — PDW,,) - PCA,, > EXPW,,,,Vi,t, h

(PW,,, - PC,, — PDW,,) - PCA,;, — EXPW,,;, < (1 —p) - SW,

it

Vit h

where PW,,,; is wastewater discharge per unit product for industry ¢ in period ¢
at probability p;,, (t/t), SW;, is the wastewater discharge quota for industry i
in period ¢, and u is the percentage reduction allowed for industrial wastewater
discharge.

Total water resources constraint:

mt mt’

PCyy-PCA,+PDW,, - PCA-PF,y-(1—-GW,) < CSW,+ > WP, -WA,,,Vt

where PF}, is water consumption per unit product for industry ¢ in period ¢
(t/t), GW, is the water reclamation rate from treatment plants in period ¢ (%),
and CSW, is the total water resources in period ¢ (10 t).

Wastewater treatment capacity constraint:

7

> (PW,, - PC;, — PDW,,) - PCA, <> WP, -WA,, +TPC,,Vt

where T'PC, is the annual treatment capacity of municipal wastewater plants
in period t.

COD constraint:

> PCOD,;(PW,,-PC;;—PDW,,)-PCA,;, < TCOD,+»  SCOD,,, -WCOD, WA, Vt

where PCOD,, is COD content per unit wastewater for industry ¢ in period
t (kg/t), TCOD, is the allowed industrial COD discharge in period ¢ (kg),
SCOD,,,, is COD removal rate by wetland m in period ¢ (%), and WCOD, is
COD purification amount by wetlands in period ¢ (kg/m?).

Ammonia nitrogen constraint:

> PNH,-(PW,;-PC;;—PDW,,)-PCA;; < TNH;+Y SNH, WNH -WA,,,Vt

where PN H,, is ammonia nitrogen content per unit wastewater for industry
in period ¢ (kg/t), TN H, is the allowed ammonia nitrogen discharge in period ¢
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(kg), SN H,,, is ammonia nitrogen removal rate by wetland m in period ¢ (%),
and WN H, is ammonia nitrogen purification amount by wetlands in period ¢

(kg/m?).

Reclamation Intensity Constraint: Reclamation intensity represents the
scale and intensity of coastal reclamation within a certain area, expressed as
reclamation area per unit coastline length. The constraint limits reclamation
intensity to 10 < TR < 20, indicating relatively low reclamation pressure.

S, PCAy + Y, WA,
CL,

< (1-TR,),vt

where C'L, is coastline length (km) and TR, is the reclamation intensity coeffi-
cient.

Vegetation Coverage Constraint: Vegetation coverage is an important in-
dicator reflecting vegetation resources and greening levels.

Z(PFRt ! PCA’Lt) < Z(Pﬂmt + Rﬂmt) ! WAmt? Vit

K2

where PFR, is industrial land vegetation coverage in period ¢t (%) and Rf,,; is
wetland reed percentage coefficient in period ¢ (%).

Wetland Water Demand Constraint: Wetland water demand refers to the
minimum water capacity required to maintain basic wetland functions.

Z(l - am) . RP’rmf ! WAmt > Z min, Vit

m

where o, is the moisture retention coefficient for wetland m.

3. Model Parameter Selection

Data were obtained from field investigations, government reports, and relevant
literature [16-20]. Within the study area, available water resources include
surface water, seawater desalination, and recycled water. Water resource re-
serves remain stable during the planning period. The second period’ s munic-
ipal wastewater treatment capacity will increase proportionally year-over-year.
According to Dongying’ s ecological construction master plan, stricter standards
will be set during the planning period, limiting emissions per million yuan of rev-
enue. All data were sourced from the Dongying 12th Five-Year Plan, Dongying
Ecological City Construction Master Plan, and Dongying Statistical Yearbook.
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Input data for chemical, petroleum processing, and oilfield industries are pro-
vided in Table 1, while model input data for constructed wetland service values
are derived from ecosystem service value assessments (2003-2020).

Industrial product production and prices

Benefits of constructed wetlands

4. Model Solution

The fuzzy two-stage model is formulated as:

max f = Z CiTj— Z thejhyjh
J h

J

Subject to:
Zam-xj >b., r=1,2,..,R
J

thhyjh > Zarj:cj +w,, r=12 .. Rih=12... . H
J J

2,20, j=1,2,..,J
Yn 20, j=1,2,,Jih=1,2,... . H
A, >0, k=1,2,... K

where z; represents first-stage decision variables determined before random vari-
able realization, and y;;, represents second-stage decision variables under ran-
dom variable w;, with probability p,. Parameters p; > 0 and g; > 0 are penalty
coefficients that can be selected based on practical scenarios [21]. Terms a,; and
b, are fuzzy sets.

The key to solving fuzzy linear programming models is defuzzification. This
study employs superiority and inferiority measures to convert the fuzzy model
into a deterministic model, reducing the number of additional constraints and
variables compared to traditional methods. The superiority measure defines the
degree to which fuzzy set Pis superior to Q, while the inferiority measure defines
the degree to which P is inferior to @ This approach quantifies the relationship
between fuzzy parameters directly, replacing traditional defuzzification, ranking,
or discrete segmentation methods to simplify computation and enhance practical
applicability.
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5. Results Analysis Under Trading Mode

This study generates different land trading volumes based on the trading mech-
anism. During the planning period, land transactions occur between indus-
trial land (chemical industry, petroleum processing) and wetland ecosystems
(grassland and lakes). As ecosystem service functions and industrial wastewater
discharge permits change, land trading schemes adjust accordingly. Positive
values represent seller market land quantities, while negative values represent
buyer market land quantities.

The total trading volume in the first period is 1,099.7 hm?, and 1,102.9 hm?
in the second period. The oilfield and petroleum industries are the primary
participants, accounting for the majority of land transactions. This is mainly
because energy industries have relatively high pollutant emissions and greater
ecosystem impacts. To protect local ecosystem sustainability, energy industry
land areas must continuously decrease, requiring a transition to new ecological
industrial development models characterized by high land use efficiency and low
pollution emissions.

Wetland ecosystems provide both direct and indirect values, delivering tangible
and intangible benefits to human life and development. Different ecosystem
service values include water conservation, soil retention, and nutrient regula-
tion. Results indicate that water conservation value accounts for the dominant
proportion of total wetland ecosystem service value. Wetlands achieve water
conservation through soil pores and groundwater connections, which also en-
hances soil retention functions. Different wetland types show similar ecological
values. In the first period, water conservation benefits from marsh and con-
structed wetlands are ¥4.04x10 and ¥4.08x10 respectively. In the second
period, ecosystem service values increase to ¥4.12x10 and ¥4.02x10 respec-
tively.

After introducing the land trading mechanism, local development trends favor
wetland protection. Under the trading mechanism, wetland planning areas con-
tinuously expand while their service values increase. The oilfield industry ac-
counts for the main land retirement area, while chemical and petroleum process-
ing industries occupy smaller proportions. As wetland planning areas increase,
their economic benefits continuously improve, with water conservation value
dominating total ecosystem service value. This land allocation pattern favors
regional ecosystem sustainable development.

[Figure 1: see original paper] Results of traded land area

[Figure 2: see original paper] Ecosystem service values of wetlands
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6. Comparison and Discussion

Figure 3 shows land planning areas for industrial zones and wetlands under
trading and non-trading mechanisms. Land allocation differs significantly be-
tween scenarios. Industrial planning areas under the non-trading scenario ex-
ceed those under the trading scenario, while wetland planning areas show the
opposite pattern. Wetland area expansion provides additional ecological service
values, directly slowing ecosystem degradation.

Industrial production is the primary source of wastewater discharge. However,
excessive discharge causes irreversible ecosystem impacts. Figure 4 shows excess
wastewater discharge under different scenarios. Trading mode results are sub-
stantially lower than non-trading mode. Under the trading scenario, wastew-
ater discharge from oil and oilfield industries remains within regulatory stan-
dards. As emission standards become stricter (from low to high levels), discharge
quantities increase, indicating that stringent requirements constrain industrial
wastewater discharge. The trading mechanism positively impacts wastewater
reduction.

[Figure 3: see original paper] Planning areas for industry and wetland
[Figure 4: see original paper] The amount of sewage emission

Ammonia nitrogen (NH -N) emissions primarily originate from the chemical
industry, plastics, and rubber production. Trading mode emissions are sig-
nificantly lower than non-trading mode. For the energy industry, wastewater
discharge is relatively low. These results reveal that local chemical and man-
ufacturing industries have high wastewater discharge, while energy processing
industries have relatively low discharge. Comparing land allocation and indus-
trial pollutant discharge between trading and non-trading modes demonstrates
the advantages of the trading mode, which reduces both COD and ammonia
nitrogen emissions while expanding wetland areas.

[Figure 5: see original paper] The amount of COD and NH -N emissions

The proposed method offers clear advantages in handling uncertainty and pol-
icy analysis, particularly when uncertainties appear as fuzzy and stochastic
parameters. Traditional fuzzy programming methods introduce numerous ad-
ditional constraints and variables with complex, time-consuming calculations.
The superiority-inferiority measure approach reduces these constraints and sim-
plifies computation. For ecological benefit accounting, this study uses simulated
market methods to calculate ecosystem service values, helping decision-makers
quantitatively analyze economic values of different ecosystem services and com-
prehensively consider ecological factors in planning.
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7. Conclusions

This study applies a fuzzy two-stage optimization method to regional ecosystem
planning. The algorithm improves upon traditional fuzzy programming issues
by integrating ecosystem service value assessment into the optimization model.
Quantitative analysis of ecological values, land management, and environmental
issues helps decision-makers plan ecosystems more accurately and reasonably.

To explore sustainable regional ecosystem development pathways, this study
introduces a cross-industry trading mechanism where wetlands act as buyers.
Model solutions quantitatively compare land allocation between trading and
non-trading modes. Results show that: 1. Trading mode yields higher ecolog-
ical benefits than non-trading mode 2. Land allocation under trading mode
tends to expand wetland areas and reduce industrial zones 3. Wastewater dis-
charge is significantly reduced through the trading mechanism 4. Local chemical
and manufacturing industries have high wastewater discharge, while energy pro-
cessing industries have relatively low discharge 5. Wetland ecosystems play a
crucial role in local sustainable development, with water conservation capacity
representing the highest proportion of ecosystem service value

Rational planning of industrial land and wetland areas is significant for local eco-
nomic development and ecological protection. The proposed method provides
an effective tool for analyzing and handling system uncertainties.
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