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Executive Summary

Yangtze Economic Belt is one of the most dynamic regions in China in terms of population growth,
economic progress, industrialization, and urbanization. It faces many resource constraints (food,
energy) and environmental challenges (pollution, biodiversity loss) under rapid population growth
and economic development. Interactions between human and natural systems are at the heart of
the challenges facing the sustainable development of the Yangtze Economic Belt. Understanding
these interactions poses challenges because human and natural systems evolve in response to a
wide range of influences. Accounting for these complex dynamics requires a system tool that can
represent the fundamental drivers of change and responses of the individual system as well as how
different systems interact and co-evolve. By adopting the philosophy of system thinking and the
methodology of system dynamics simulation, an integrated assessment model for the Yangtze
Economic Belt, named ANEMI_Yangtze, is developed based on the third version of the global
integrated assessment model, ANEMI. Nine sectors of population, economy, land, food, energy,
water, carbon, nutrients, and fish are currently included in ANEMI_Yangtze.

This report identifies the opportunities and challenges facing the Yangtze Economic Belt and
presents the development of the ANEMI_Yangtze model structure. It also includes: (i) the
identification of the cross-sectoral interactions and feedbacks involved in shaping Yangtze
Economic Belt's system behaviour over time; (ii) the identification of the feedbacks within each
sector that drive the state variables in the sector; and (iii) the explanation of the theoretical and
mathematical basis for those feedbacks. ANEMI_Yangtze was developed and calibrated sector by
sector before coupling all of them together to complete the ANEMI_Yangtze model. After the
validation and robustness test, the ANEMI_Yangtze model can be used to explore the potential
impacts of climate change in the basin, to examine how changes in birth control policy affect
population dynamics and the natural-environmental systems, to assess the effects of land-use
change on food-water-carbon systems, to assess the impacts of shifting energy consumption
patterns and water saving techniques, and to investigate how policies aimed at improving eco-

environment situation affect the Yangtze Economic Belt system.
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1. INTRODUCTION
1.1 Water-Energy-Food Nexus

Today global problems and challenges facing humanity are becoming more and more complex,
and directly related to the areas of energy, water, and food production, distribution, and use
(Hopwood et al. 2005; Bazilian et al. 2011; Akhtar et al. 2013; van Vuuren et al. 2015; D'Odorico
et al. 2018). The relations linking the human race to the biosphere are complex and all aspects
affect each other to an extraordinary degree. Therefore, knowledge and methods from a single
discipline are no longer sufficient to address these complex, interrelated problems that characterize
as fundamental threats to human society anymore (Klein et al. 2001; Bazilian et al. 2011; Clayton
and Radcliffe 2018). Researchers and policymakers have promoted the WEF (Water-Energy-Food)
nexus approach as a potential framework for addressing sustainability and protecting against risks
of future food, water, and energy insecurity (Rasul and Sharma 2016; D'Odorico et al. 2018). The
WEF nexus framework was introduced at a conference on "The Water-Energy-Food Security
Nexus: Solutions for the Green Economic™ in Bonn in 2011. The research and policy-making
communities were rapidly attracted by the proposed framework (Daher and Mohtar 2015; Smajgl
et al. 2016; Garcia and You, 2016; Weitz et al., 2017; Liu et al. 2017; Xu et al. 2020). The WEF
nexus offers a promising approach to identify tradeoffs and synergies of WEF systems and guide
the development of cross-sectoral policies. Current applications of the WEF nexus methods,
unfortunately, fall short of adequately capturing interactions among the WEF system - the very
linkages WEF nexus conceptually aims at addressing (Albrecht et al. 2018; Stoy et al. 2018).
Moreover, WEF nexus methods are unable to address the eco-environment dimensions such as
biodiversity and ecosystem services and the social-economic dimensions such as population

growth and economic development (Kling et al. 2017).
1.2 Integrated Assessment Model

Dated back to 1970s, the research supported by the Club of Rome have applied the nexus concept
in developing an integrated assessment model to explore The Limits to Growth (Meadows et al.
1972). Integrated assessment modelling (IAM), defined as "an interdisciplinary process that
combines, interprets, and communicates knowledge from diverse scientific disciplines from the
natural and social sciences to investigate and understand causal relationships within and between

complicated systems™ by the Intergovernmental Panel on Climate Change (IPCC 2001), is widely



adopted to represent complex feedback structures between human and natural systems which
evolve. In recent years, as the awareness of climate change and sustainability challenges increase,
numerous researchers have dedicated themselves to studying different aspects of global change,
aimed at understanding these complex and long-term issues, and to design effective response
strategies (Jakeman and Letcher, 2003; Liu et al. 2007; Davies and Simonovic 2010; Stehfest et
al. 2014; Hamilton et al. 2015; Plevin 2017; Zhang and Vesselinov 2017; Calvin et al. 2019). These
efforts led to many IAMs with various details in incorporating different system components.

They include the IGSM model (Integrated Global System Model) developed at the Massachusetts
Institute of Technology. It includes human activity and emissions, atmospheric dynamics and
physics, urban and global atmospheric chemistry, ocean component, and land and vegetation

processes (Prinn et al. 1999; Sokolov et al. 2005).

The IMAGE model (Integrated Model to Assess the Global Environment) developed at
Netherlands Environmental Assessment Agency encompasses agricultural economy, forest
management, land-use allocation, livestock systems, energy supply and demand, carbon cycle and
natural vegetation, crops and grass, water, nutrients, and atmospheric composition and climate
(Stehfest et al. 2014).

The GCAM model (Global Change Analysis Model) developed at the University of Maryland
represents five different interacting and interconnected systems: energy, water, land,

socioeconomics, and climate (Calvin et al. 2019).

The ANEMI model developed at the University of Western Ontario represents endogenously the
interactions and feedbacks among almost all aspect of human and natural systems, including
climate, carbon cycle, population, land use, food production, sea-level rise, hydrologic cycle, water
demand, energy-economy, water supply development, nutrient cycles, and persistent pollution
(Davies and Simonovic 2010; Akhtar et al. 2013; Breach 2020).

While these global IAMs provide valuable tools to explore the multiple interactions among human
and natural systems and to assess the impacts of global change and adaptation and vulnerability of
human society (Randall et al. 2007; Flato et al. 2013), they are of less value in assisting local and
regional policy-making due to their highly aggregated nature (Holman et al. 2008; Bazilian et al.
2011; Breach 2020). There is an urgent need to find a way to "downscale" global IAMs and apply

them at the regional scales to address local-specific challenges (Breach 2020).



1.3 Yangtze Economic Belt Opportunities and Challenges

Originating from the Tanggula Mountains on the Plateau of Tibet and flowing eastward to the East
China Sea, Yangtze river is about 6,300 km long with a catchment area of about 1.8 million km?.
The Yangtze Economic Belt, proposed by the Central Chinese Government in 2016, is set to
become yet another essential national-level strategy of China. The Yangtze Economic Belt follows
earlier initiatives such as coastal development, western region development, central region
development, and Beijing-Tianjin-Hebei integration. Located mainly in the Yangtze river basin,
the Yangtze Economic Belt consists of 3 economic zones — the Chongging-Sichuang upstream
urban agglomeration, the central triangle urban agglomeration, and the Yangtze river delta
agglomeration, and covers a land area of about 2.05 million km?, accounting for 21% of the China's
total land area. The Yangtze Economic Belt is home to 40% of the country's total population, with
an economic output exceeding 40% of its entire GDP. The relationship between the Yangtze river

basin and the Yangtze Economic Belt is illustrated in Figure 1.
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Figure 1 Yangtze river basin (black dashed line) and the Yangtze Economic Belt

Over the past decades, especially after the reform and opening-up of China in the late 1970s, the

Yangtze river basin has developed into one of the strongest regions in China. The Yangtze



Economic Belt has unique economic advantages and huge development potential in terms of
geographic location, water resources, and its comprehensive industrial infrastructure. Yangtze
Economic Belt traverses eastern, central and western China, joining the coast with the inland. The
Yangtze Economic Belt's intensive railway, highway, and aviation transportation systems link east
to west and connect south to north, making the movement of goods and services more efficient. In
addition, the Yangtze Golden Waterway, which ranks first among inland rivers in the world in
terms of transport volume, also provides competitive low water transport cost and low power
consumption. Yangtze river basin has abundant freshwater resources, and Yangtze's average
annual discharge into the East China Sea is about 905 km®/year (Yang et al. 2015). Yangtze
Economic Belt is one of the most important industrial corridors in China. It is home to many
advanced manufacturing industries, modern service industries, major national infrastructure

projects, and high-tech industrial parks.

However, the fast development of urbanization and economic growth in the Yangtze Economic
Belt pose severe challenges for its sustainable development. Yangtze river basin is very poor in
fossil fuel endowments (Wang et al. 2020). Most of its energy is imported from other parts of
China and abroad. The growth of population and urban expansion occupy many rich farmlands,
thus threatening food security (Cai and Fangyuan 2020). The increasing application of fertilizers
and pesticides, and municipal waste from a growing population and the rapid development of
industry lead to serious water pollution (Wong et al., 2007; Li et al., 2009; Xu et al., 2010; Li et
al. 2011; Xia et al. 2016). Also, the fishery resources in the Yangtze river are so seriously depleted
that the government issued a 10-year commercial fishing ban on the Yangtze river in 2020 (Zhang

et al. 2020). These challenges tend to further deteriorate under the climate change.



2. ANEMI_YANGTZE MODEL FRAMEWORK AND CROSS-SECTORAL FEEDBACKS

ANEMI_Yangtze, which is "downscaled” from ANEMI, is an integrated assessment model
developed particularly for the Yangtze Economic Belt in China. Unlike the ANEMI model, in
ANEMI_Yangtze, hydrological cycle, water demand and water supply development, as well as
wastewater discharge and treatment, are all part of a Water Sector. Climate change is not part of
the model. Instead, we use exogenous precipitation and temperature data for the Yangtze river
basin to drive the Water Sector's hydrological cycle. Sea level rise and persistent pollution sectors
are not included either. The global cycles of carbon, nutrients, and hydrology are tailored to fit a
regional context. Some major modifications are to be seen in the Population, Food, and Energy
Sectors. Their details are presented in the following sections of the report. A new sector of fish
population is added into ANEMI_Yangtze to address the fish depletion issues in the Yangtze river.
The model sectors that comprise the ANEMI_Yangtze include population, economy, land, food,

energy, water, carbon, nutrients, and fish.
2.1 Framework of ANEMI_Yangtze

The architecture of ANEMI_Yangtze model consists of three layers, the upper policy layer, the
middle socio-economic and natural-environmental interacting layer, and the lower impacts
assessment layer. They are illustrated in Figure 2. In the policy layer, different policies regarding
population growth, land-use transfer, energy development, water use, and eco-environmental
improvement are proposed. They act directly on the social-economic system, natural resources
system, and eco-environmental system. The systems interacting layer captures the interactions
among the population, economy, land cover and land use, food, energy, water, carbon, nutrients,
and fish subsystems. In the impacts layer, the GDP per capita, food self-sufficiency, energy deficit,

water stress, nutrients concentration, carbon emissions, and fish yield are assessed.
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Figure 2 Framework of the ANEMI_Yangtze model

2.2 Cross-sectoral Feedbacks in ANEMI_Yangtze

This section presents the cross-sectoral interactions and feedbacks in the ANEMI_Yangtze model.
The major interactions and feedbacks between the subsystems in human-natural systems in
ANEMI, which are responsible for the functioning of the Earth system, are also applicable to the
Yangtze Economic Belt in this research. Unlike the global human-natural system, the human-
nature system in Yangtze Economic Belt undergoes constant exchange of goods and services with
the outside world through market trade and migrations. So, some exogenous drivers are also
significant for the ANEMI_Yangtze model. Even though the ANEMI_Yangtze model is not that
highly endogenous like its parent model ANEMI, there is no doubt that it is the feedback processes



among the various subsectors of the Yangtze Economic Belt system that drive the dynamic
behaviours exhibited in the model runs. In the following section, the cross-sectoral interactions

and feedbacks in ANEMI_Yangtze (Figure 3) were discussed.
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Figure 3 Interactions among the human-natural systems in the Yangtze Economic Belt

clearing and burning

The Population Sector affects the Economy Sector positively by boosting the labour force and is
affected by the Economy Sector both positively and negatively through GDP per capita. On the
one hand, an increase in GDP per capita increases the health service output, which has a positive
effect on life expectancy and thus reduces the death rate of the population. On the other hand, an
increase in GDP per capita has the opposite effect on the desired family size, affecting total fertility

and thus reducing the birth rate of the population. The difference of GDP per capita between



Yangtze Economic Belt and the rest of China also affects population migration. Usually, people

tend to migrate from less developed regions to more developed regions.

The Population, Food, and Land Sectors are connected through population growth rate, food self-
sufficiency ratio, and settlement area per capita. The population growth accelerates the transfer
rate of biome among different land-use types. Population growth drives food consumption, thereby
decreasing food self-sufficiency, resulting in more agricultural land being converted from clearing
and burning forest and grassland. The population growth also leads to more agricultural land
around the urban area be claimed for settlement use as urbanization expands. The Land Sector can
act as negative feedback on population growth as increased population places more stress on
settlement area per capita. The stress on settlement area then acts as an opposing force on the

migration rate.

The Economy and Energy Sectors are linked through capital-energy aggregate, energy capital,
and energy requirement. A growing economy increases the requirement for energy, which drives
energy production through the increasing investment of energy capital. An increase in energy
capital further intensifies the capital-energy aggregate, leading to the growth of the economy, thus
forming a positive feedback loop.

The Population, Food, Energy, and Water Sectors are connected via domestic water demand and
consumption, agricultural water demand and consumption, and industrial water demand and
consumption. Water (irrigation) plays a vital role in food production. Water is needed in almost
every stage of energy extraction, production, processing, and especially the consumption. With
increased population and demand for food and energy, the total demand for and consumption of
water increases, increasing water stress. Water stress, in turn, has a limiting effect on population
growth and food production. The increase in water stress also drives more capital flowing into
water supply development to alleviate water stress, thus connecting the Economy sector with the

Water Sector.

The use of water by Population, Food, and Energy Sectors all result in water pollution in the form
of nitrogen (N) and phosphorus (P) through the discharge of domestic and industrial wastewater
and agricultural runoff. This links the Water Sector with the Nutrient Sector. An increased level

of nutrients concentration negatively affects population growth through the life expectancy



multiplier from the N/P pollution index. Water pollution also endangers the fish by increasing the

fish's natural mortality rate.

The Carbon and Land Sectors are connected through clearing and burning, while the Carbon and
Energy Sectors are connected through fossil fuel emissions. The Carbon-Climate sector feedback
depends on the atmospheric CO> concentration determined by the Carbon sector. As carbon and
climate interactions usually happen at the global scale, for the Yangtze Economic Belt these two
sector interactions are not considered. The climate change effect is treated as exogenous input.
The Climate and Water Sectors are connected via the surface temperature change. Since increased
surface temperature will likely increase the intensity of the hydrological cycle, the model includes
a temperature multiplier equation that increases evaporation and evapotranspiration within the
Yangtze hydrological cycle. The Climate Sector influences the Economy sector through a

temperature damage function.



3. ANEMI_YANGTZE MODEL STRUCTURE DESCRIPTION

The cross-sectoral interactions and feedbacks are responsible for the functioning of the whole
human-nature system in the Yangtze Economic Belt. For each sector in the ANEMI_Yangtze
model, the relevant feedbacks drive the dynamics of state variables in the sector. This chapter
illustrates the causal feedbacks within each sector and provides the general description of the

ANEMI_Yangtze model sectors.
3.1 Population Sector

The causal loop diagram in Figure 4 illustrates the feedbacks associated with the Population
Sector in the Yangtze Economic Belt. The three variables - births, deaths, and migrants, which are
all affected by GDP per capita, drive the dynamic behaviour of the population. The Population
Sector is affected by Land Sector, Water Sector, and Energy Sector. The increase of population on
one hand, decreases the value of GDP per capita as the population is a denominator. On the other
hand, the rise in population boosts the labour force, and thus the gross output as economic output
is represented as a function of capital and labour in the form of a Cobb-Douglas production
function. The increase of the gross output eventually increases the value of GDP per capita.
Overall, GDP per capita increases if the effect of the increase in the gross output outpaces the
effect of increase in population, and vice versa. This means all the feedback loops containing GDP
per capita can either be positive or negative depending on whether GDP per capita is increasing

or decreasing with population growth (for example, the B1 and C1 loops in Figure 4).

An increase in GDP per capita on the one hand, means more inputs in health services, thus
improves life expectancy and lowers the mortality rate. A decrease in mortality means fewer deaths,
which drives the population to grow. On the other hand, an increase in GDP per capita leads to a
decrease in the willingness to give birth, which will drive the population to decline. Migration is
newly added. Usually, people migrate from poor regions to rich regions within China. In this
research, migration behaviour is mainly driven by a variable named GDP difference factor, which
is used to calculate the difference between national GDP per capita and the GDP per capita in the
Yangtze Economic Belt. Besides, the effect of the crowding is also taken into account, which acts
as negative feedback on migration. On the global scale, water and food availability usually act as
limits to population growth. At the regional scale, vital resources such as food and water can be

traded, so in ANEMI_Yangtze, only the effect of pollution on the population is taken into account.

10
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Figure 4 Causal feedback loops of the Population Sector

The ageing chain of population groups can be represented as,

Po14 = [(births +netMyo_15 = Po_ys* My_14 — 20010 g (1)
Pis_gs = [(netMys_gs + %:MO_M) — Pis_64 " Mis_64 — PIS_M(ZMlS_M))dt 2)
Pgsy = f(netM65+ + P15_64(1T;M15_64) — Pgsy " M5y )dt (3)

where P; = population, netM; = net migrations, M; = mortality rate, t; = length of time spent in
sub-demographic.

The total fertility, life expectancy, and migration rate are calculated by the following formulas,

TF = MIN(MTF,(MTF - (1 — Feontror) + DTF - Feontror)) 4)
LE = (LEnormal + FGDP/capita + Fhealth) ) POHUtionmulti (5)
MR :FGDPdiff'MW'MP-Fcrowding (6)

11



where TF = total fertility, MTF = maximum total fertility, Fcontrol = fertility control effectiveness,
DTF = desired total fertility, LE = life expectancy, LEnormai = life expectancy normal, Fepp/capita =
GDP per capita factor, Freath = health service factor, Pollutionmui = lifetime multiplier from
pollution, MR= migration rate, Fepp ¢it = GDP difference factor, MW= migration willingness, MP=

migration policy, Ferowding = crowding factor.

Some of the major parameters and initial values in the Population Sector are provided in Table 1.

Table 1 Major parameters and initial values in the Population Sector

Population Population Population Life expectancy )
Reproductive Female
0-14 15-64 65+ normal o )
lifetime ratio
(10* person) (10* person) | (10* person) (year)
13457 34275 3106 52.5 35 0.5

3.2 Economy Sector

The Economy Sector, which is developed and adjusted based on the FREE model from Fiddaman
(1997), computes the gross output of the Yangtze Economic Belt. The gross output is represented
as a function of capital and labour in the form of a Cobb-Douglas production function (see
supplemental materials for calculation details). The Economy Sector is affected by Population

Sector and Energy Sector.

The interactions and feedbacks in the Economy Sector are diagrammed in Figure 5. The A2 and
B2 feedback loops depict the adjustment of desired capital in response to relative cost and
marginal productivity of capital. The C2 feedback loop corrects the gap between desired capital
and actual capital. The D2 feedback loop illustrates the effect of the expected output growth rate
on desired capital order rate. The E2 and F2 feedback loops illustrate capital depreciation into

investment in additional capital.

12
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Figure 5 Causal feedback loops of the economy sector

Gross output is determined using a Cobb-Douglas production function in the following form,
L KO —
Y =YoA () G (")

where, Y = gross output, L = labour force, KO = operating capital, A: = factor productivity, a =
value share of labour, Yo = gross output, Lo = labour force, KOo = operating capital.
Capital stock for the production of goods increases with investment and decreases with

depreciation, which is a fixed fraction of capital,
K(t) = [(I - 6K)dt (8)
where, K = capital, | =capital investment rate, o= fractional depreciation rate.

The capital investment equation takes the following form,

(Kp—K)
T)

I=6K+%2 04 k¢ 9)
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where Kp = desired capital, 7 = capital correction time, G = fractional growth rate of output.
Desired capital equals to the current level of capital adjusted for the relative cost and marginal

product of capital and is defined as,

KMg
r+1/t

(10)

D=

where Mk = marginal product of capital, r = interest rate, 7= capital lifetime.

Some of the major parameters and initial values in the Economy Sector are provided in Table 2.

Table 2 Major parameters and initial values in the Economy Sector

Variable Value Unit Definition
reference capital 1.657e+11 ¥ Reference capital stock (capital stock in 1990)
reference output 7.21292e+11 ¥ Reference goods output (GDP in 1990)
capital lifetime 40 year Lifetime of goods producing capital.
output trend time 15 year Time to establish long-term trend in output for
capital planning.
interest rate 0.09 1/year Constant exogenous interest rate.
hist output growth rate 0.2 1/year Historic growth rate of output and investment.

) Elasticity of substitution between capital
capital energy

o o 0.75 dmnl aggregate energy good in capital-energy
substitution elasticity
aggregate.
value share of labour 0.6 Dmnl Cobb-Douglas value share of labour in output.

3.3 Land Sector

The Land Sector is used to describe the distribution of land use and cover over time. It is adapted
from ANEMI (Davies 2007; Breach 2020), which was originally based on the model of Goudriaan
and Ketner (1984). What's different from ANEMI, is that in ANEMI_Yangtze land cover classes

are grouped into the six IPCC land categories, i.e. agricultural land (cropland), forest, grassland,
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wetland, settlement, and other land. There is no feedback loop within the Land Sector. A transfer
matrix is adopted to depict the change rate at which one land cover type changes into another,
driven by the population growth rate. Please refer to the supplementary materials for calculation
details.

The land transfer rate is represented as,
Ltrans = Lim.r (11)

where Lim = Transfer Matrix [km?/year], r = population growth rate [1/year].
The land transfer matrix works as a reservoir where inflow is land transfer rate and outflow is
drain transfer value (Lr), which is used in the model to avoid any negative term. The calculation

of transfer matrix is as follows,
Ltm = .[( Ltrans - Ltdr)'dt (12)

The land transfer matrix is used to drive the change in biome area at a rate equal to the sum of the

transfer rates from biome i to biome j, minus the sum of transfer rates from biome j to biome i,

da; g
— =21 Gy — i (13)

where Aj = current area of biome j [km?], aij = rate of transition of area from biome i to biome j

[km?/year].

The initial land transfer matrix and initial biome area are shown in Table 3. These initial transfer
values were obtained by averaging the transfer that happened from 1992 to 2015. The matrix values
in the table can be interpreted as the rate of transfer from the biome type in row i to the biome type
in column j. The non-diagonal elements are the base land transfer rates from one biome type to

another. The diagonal elements are zero, indicating there are no shifts within a same biome.
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Table 3 Initial land transfer matrix values (km?/year) and total area (km?)

From To agriculture forest grassland wetland settlement other
agriculture 0 812.24 42.35 2.52 934.3 72.96
forest 2050.41 0 74.82 5.26 34.58 32.37
grassland 196.03 296.7 0 0.63 107.36 6.46
wetland 1.14 0.89 0.14 0 3.53 4.36
settlement 6 0.04 0.18 0.01 0 0.58
other 261.3 634.43 23.64 48.7 13.91 0
1990 area 1019225 798327 202956 6925 9097 64489

3.4 Food Sector

The Food Sector in ANEMI_Yangtze is quite different from the Food Sector of ANEMI. In China,
food self-sufficiency is an essential index. The country manages to keep its value at 0.95 in order
to maintain food security. In ANEMI_Yangtze, the dynamic behaviour of food production is
mainly driven by the difference between perceived food self-sufficiency and desired food self-
sufficiency which serves as an indicator for land yield technology input and fertilizer subsidy. The
food sector also enables the trade of food, i.e., food import and food export (which is affected both
by local food price and international price). The import and export of food affect the food stock
and the food price. The food price change is another factor affecting food production. An increase
in food price change acts as positive feedback on farmers’ adopting of multiple cropping practices

(multiple cropping index) and increasing grain planting area.

The production of food is affected by several factors, including land fertility, arable land, and
water stress. The Food Sector is affected by Population Sector, Land Sector, and Water Sector.
The feedback loops of the Food Sector are shown in Figure 6. Loops A3, B3, and C3 illustrate the
impacts of land vyield technology, agricultural land development, and fertilizer subsidy,
respectively, on food production through the indicator of food self-sufficiency ratio. Loops D3, E3,
and F3 depict the introduction of multiple cropping practices (multiple cropping index) and
willingness to increase grain planting area on food production through food price change.
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Figure 6 Causal feedback loops of the food sector

Main equations in the Food Sector are given in the following:

LY = LF - LY,si * Firs
FP =LY -GPA-LFH - (1 — Loss)
FIE = Fyop - fi + fo - FP — f; - ICP
FC =P FCper capita
Rpgc :%

(14)
(15)
(16)
(17)

(18)

where LY = land yield, LF = land fertility, LYmuti = land yield multiplier, Fws = water stress to land

yield factor, FP = food production, GPA = grain planting area, LFH = land fraction harvested,

Loss = processing loss, FIE = food import/export, Fyop = population rescale factor, fi = constant
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factors, FP = food price, ICP = international cereal price, FC = food consumption, P = population,

FCoer capita = per capita food consumption, Rssc = food self-sufficiency ratio, FP = food production.

Some of the major parameters and initial values in the Food Sector are provided in Table 4.

Table 4 Major parameters and initial values in the Food Sector

Variable Value Unit Note
inherent land fertility 6300 kg/hectare
initial land fertility 4800 kg/hectare
desired food self-sufficiency ratio 0.95 dmnl
normal cropping index 1.3 dmnl
normal grain-crop ratio 0.65 dmnl The ratio of grain.planting
area to crop planting area.
processing loss 0.01 dmnl
average life of land normal 6000 year
initial yield tech 1 dmnl
initial stock 18500 10%*onne Initial food stock
per capita food consumption 400 ka/person/year

3.5 Energy Sector

The Energy Sector consists of energy requirement, energy capital, and energy production. In
ANEMI_Yangtze, the total aggregate energy requirement is calculated based on the economic
output multiplied by the energy consumption per unit GDP whereas in ANEMI the energy
requirement is embodied in capital. The energy requirement of different energy sources (coal, oil,
gas, hydropower, nuclear, new energy sources) is the product of total aggregate energy
requirement and desired energy share (which is treated as an exogenous variable). Energy capital
for different energy sources is structured in a similar way to that of the capital stock in the Economy
Sector. The significant difference is that there is a stock representing energy capital under
construction which after a delay time becomes new energy capital. The production of energy is
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determined by the amount of capital stock accumulated into each energy source and is influenced
by production pressures. Limitations on energy production are in the form of depletion for
nonrenewable energy sources (coal, oil, gas) and saturation for renewable energy sources

(hydropower, nuclear, new energy sources).

The feedback loops in the Energy Sector are seen in Figure 7. In which, feedback loop A4 depicts
the process of energy capital depreciation, which slowly depletes the energy capital stock. Loop
B4 compensates for depreciation by factoring it into desired energy capital under construction.
Loop C4 moves energy capital from the construction phase to the completion phase. Loops D4
and E4 depict the effect of energy production pressure on energy capital. Loop F4 illustrates the
impact of resource depletion on energy production. Energy resources gradually deplete as more
energy is produced. This affects the ratio of energy resources remaining, which acts as a negative
factor on energy production, creating a negative feedback loop. Loop G4, together with Loop E4
illustrate the impact of effective energy capital input effect on energy production through energy
technology and energy capital, respectively. Energy technology plays a role in the production of
energy through cumulative energy investment, which acts to increase energy production for the
same level of inputs of capital. Loop H4 depicts the effect of energy technology on energy

consumption intensity per unit GDP.
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Figure 7 Causal feedback loops of the Energy Sector

The energy capital stock can be represented mathematically by,

KE(t) = [ (% - ’;—E) dt (19)

where KEi = energy capital for energy source i, KC; = energy capital under construction for energy

source i, 7c = capital construction delay, & = energy capital lifetime,
- _KG
KC() = [ (EKOl- Jc) dt (20)

where EKO; = energy capital order rate.
The energy capital order rate is formulated in the same way as the capital investment rate. It
compensates for capital depreciation, adjusts for perceived growth in energy orders, and responds

to discrepancies in desired versus current energy capital stock,
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KE; DKE;—KE;
EKO; = — + ——
i

+ DKC;—KC;

Tk TKC

(21)

where DKE; = desired energy capital, DKC; = desired energy capital under construction, zc = time

to correct capital construction,
DKE; = KE; X EP, (22)
where EPj = energy pressure effect for energy source I,
DKC; = KE;(8; + G)1¢ (23)
The equation of energy production takes the following form,

R
R;

1
EP; = EP,o(a;(=L)Pi + (1 — ;) EIIPY))Pi (24)
i,0
where EP; = energy production, EPio = initial energy production, ¢ = energy resource share, Ri =

energy resource remaining, Rio = initial energy resource remaining, pi = energy resource

substitution coefficient, Ell; = energy effective input intensity.

The energy resource share provides an upper limit on energy production by representing the
minimum time required for resource extraction in the case of nonrenewables, and the maximum

resource flux in the case of renewables.,

_ (_Rio _ Rio
Xnonrenewable = (TTEP.O)Pnonrenewable Arenewable = (EP,O)prenewable (25)
i, L

where 7z is the minimum resource depletion time in years. As energy resources are consumed, for
example, in the case of fossil fuels, there is a depletion effect that acts to decrease energy
production. The energy effective input intensity depends on the level of energy technology
development as well as energy capital inputs put into production and it takes the following form,
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KE;
KEi,O

EIIl = TE,_(

)Bi(Vrelative,i)(l_ﬁi) (26)

where TE; = energy technology for energy source i, KE; = energy capital for energy source i, KEio
= initial energy capital for energy source i, 5 = energy capital share for energy source i, Vrelative,i =

relative variable energy intensity for energy source i.
Aggregate energy requirement intensity, i.e., aggregate energy consumption per unit GDP, is used
to predict the total aggregate energy requirement. Aggregate energy requirement intensity is

calculated by the reference aggregate energy intensity adjusted by the effect of energy technology

on energy consumption and takes the following form,

ERIgggr = ERIgggr,0 - fre (27)
where ERlaggr = aggregate energy requirement intensity, ERlaggr,o = initial aggregate energy
requirement intensity, fre = effect of energy technology on energy consumption. The requirement
of each energy resource is then equals to the production of gross output and aggregate energy
requirement intensity multiplied by the desired energy share for each energy source,

ER; = Vaesire Y - ERI (28)

where yiesire,i 1S the exogenous desired energy share for each energy source.

Some of the major parameters and initial values in the Energy Sector are provided in Table 5.
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Table 5 Major parameters and initial values in the Energy Sector

Variable Value Unit
energy resource elasticity [coal, oil, gas, 0.625276, 0.6573, 0.6573, 0.302451, B
hydro, nuclear, new] 0.302451, 0.527352
E::Z;C:Z:LT share [coal, oil, gas, hydro, 0.6, 2/3,2/3,0.8,0.8, 0.8 Dmnl
energy capital lifetime [energy source] 15, 15, 15, 30, 30, 20 year
energy construction delay 2 year
supply line correction time 4 year
initial energy production [coal, oil, gas, 1.73453e+08, 2.7027e+06, 8.802e+06, tcelyear
hydro, nuclear, new] 8.52e+06, 1, 1.08e+06
ref energy consumption per unit GDP 6 tce/10% ¥

3.6 Water Sector

The hydrological cycle in the Yangtze Economic Belt describes the flow of water from the
atmosphere in the form of precipitation to the land surface storage and through the groundwater
back to the East China Sea. The surface storage and groundwater are treated as a kind of reservoir
from which water flows to and from. Water demand is the sum of the desired water withdrawals
from agricultural, domestic, and industrial sectors. Domestic water withdrawal depends on
structural water intensity related to GDP to withdrawal rate per person based on the conceptual
model presented in Alcamo et al. (2003). The generation of electricity typically dominates water
withdrawals in the industrial sector. In ANEMI_Yangtze, electricity production consists of both
nonrenewable sources (coal-fired and gas-fired thermal power) and renewable sources
(hydropower and nuclear power). The water withdrawal factor and water consumption of thermal
energy vary substantially among different cooling methods. The nuclear power in the Yangtze
Economic Belt only withdrawals seawater, so the freshwater withdrawal and consumption factors
of nuclear power are all set to zero. Agricultural water demand is the production of per hectare
water withdrawal and net arable land. Changes in surface temperature are also included as
additional factors affecting water demand for food production. The water supply in
ANEMI_Yangtze is quite different from that in the ANEMI. In ANEMI_Yangtze, three supply
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types are considered by adding capital stocks to produce water supply in the form of surface,
ground, and wastewater reclamation water sources. The production of water supplies is driven
economically by investing in capital stocks for each source. Water stress is used as an indicator

for water capital investment.

The causal loops in the Water Sector are illustrated in the causal loop diagram in Figure 8.
Feedback loop A5 acts as negative feedback on water supply capital through depreciation. Loop
B5 counteracts the A5 by having a positive feedback effect on water supply capital. With more
water supply capital, there is more depreciation, which increases the water capital order rate
(investment in the water supply), thus adding more water supply capital. Loops C5, D5, and E5
counteract water stress by prompting investment in water supply capital to increase water supplies
in the form of surface water, groundwater, and treated returnable waters, respectively. Feedback
loop F5 illustrates the movement of water from the atmosphere to the surface as precipitation and
then back to the atmosphere through evapotranspiration. Loop H5 depicts the effect of discharge

on groundwater.
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Figure 8 Causal feedback loops of the Water Sector
The modelling of the base domestic water withdrawal (structural water intensity) is based on the
conceptual model presented in Alcamo et al. (2003), which was confirmed by the IHP (2000) data.

DSWI = DSWlpip + DSW iy (1 — exp(—Y4GDPpeap ™)) (29)

where DSWI = domestic structural water intensity (m3/person), GDPpcap means GDP per capita.
DSWilmin, DSWimax, and y, are calibrated parameters.

Using the domestic structural water intensity presented above, domestic water demand can be

calculated as,
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where Wgom = domestic water demand (108 m3/year), P is the population (person), ATFP is change

Waom = DSWI - P - ATFP

(30)

in total factor productivity and represents changes in domestic water use efficiency.

The generation of electricity typically dominates water withdrawals in the industrial sector. In this

model, the production of electricity consists of both nonrenewable sources (coal-fired and gas-

fired thermal power) and renewable sources (hydropower and nuclear power).

The water withdrawal and water consumption of thermal power vary substantially among different

cooling methods, and their values for different fuel source are obtained from Zhang et al. (2016)

which is shown in Table 6.

Table 6 Water withdrawal and consumption factors for electricity production

) Water withdrawal factor Water consumption factor
Energy source Cooling method
(m3/MWh) (m3/MWh)
oT 98.54 0.393
Coal RC 2.466 1.972
DRY 0.438 0.448
oT 34.07 0.379
Gas
RC 2.902 2.114
Nuclear OT (seawater) 178 1.514
Hydro 0 0

Note: Extracted from Zhang et al. 2016. OT=once through, RC=recirculating

The nuclear power in the Yangtze river basin only withdrawals seawater, so the water withdrawal

and consumption factors of Nuclear power are all set to zero with respect to fresh water.

Weie = TeChele-Z?=1EPi ) 7:1 WWEF, - F
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where Wele = electricity water demand (108 m3/year); Epi is electricity production for energy source
i (108 kwh); WWF; is water withdrawal factor for energy source i (m*MWh); Fij is the fraction of
cooling method j for energy source i (dml); Techele is technological change for withdrawals in
electricity production.

_e *Weie (32)

where Wing = industrial water demand (108 m®/year); Reie is the ratio of electricity water demand to

industrial water demand.

Agricultural water demand is the production of per hectare agricultural water withdrawal and net

arable land that is used to grow food.
Wagr = PHW - 4, (33)

where Wagr = agricultural water demand (108 m3/year); PHW = per hectare water withdrawal

(m®/hectare/year); A = net arable land (hectare).

Agricultural water usually decreases as irrigation efficiency increases along with technological
progress. Changes in global surface temperature can also affect water demand for food production
as increased temperatures lead to higher evapotranspiration rates in agricultural soils, thereby
leaving less water for the crops and boosting irrigation water requirements (Yuan et al. 2016).
Irrigation efficiency and temperature feedback are taken into account in per hectare water

withdrawal, which is represented as,
PHW = BWagr ’ TeChagr ' Tfeedback (34)

where BWagr = base specific water withdrawal for agriculture (m®hectare/year); Techagr is

technological change factor for irrigation; Treedvack IS temperature feedback multiplier.

Water stress has four definitions. The base water stress is represented as,
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_ Waom+Wing +Wagr
WS base — (35)

SWavai

where WSpase = base water stress, SWavai = available surface water.

The water stress with groundwater and wastewater is represented as,

Wdom+Wind+WagT
SWa,,ai+TgWXGW+TRW

WSgw+ww = (36)

where WSgw+ww = water stress with groundwater and wastewater, rqyw = groundwater use ratio,

which takes the value of 0.01 in this study, GW= groundwater, TRW = treated returnable waters.

The water stress with pollution effects is represented as,

Waom+WinatWagr
SW avai—fwwXUTRW

WSpollution -

(37)

where WSponution = Water stress with pollution effects, fuw = wastewater pollution factor, which
takes the value of 8 in this study, UTRW = untreated returnable waters.

The water stress with water supply capacity is represented as,

WS Ly = Waom+Wina+Wagr
supplty TWS

(38)

where WSsypply = Water stress with water supply capacity, TWS = total water supply capacity, which
is the sum of surface water supply capacity, groundwater supply capacity, and treated returnable

waters.

Some of the major parameters and initial values in the Water Sector are provided in Table 7.
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Table 7 Major parameters and their corresponding values in the Water Sector

Variable Value Unit Note
initial surface water 11890 108 m®
initial groundwater 594488 108 m3
initial domestic wastewater treatment
30 percent
percentage
initial industrial wastewater treatment
40 percent
percentage
stable and useable runoff percentage 37 percent From ANEMI
groundwater use ratio 0.01 dmnl
wastewater pollution factor 8 dmnl From ANEMI

3.7 Carbon Sector

The carbon cycle in ANEMI_Yangtze is based on the carbon cycle of ANEMI, which has its origin
in Goudriaan and Ketner (1984). As this research is at a regional scale, the carbon cycles in the
ocean and the atmosphere are excluded. Only the carbon cycle at a terrestrial scale is considered.
The total carbon emissions into the air consist of the fossil fuel carbon emissions from the Energy

Sector and the land-use carbon emissions from the Land Sector.

The causal loop diagram of the Carbon Sector is given in Figure 9. The chain of negative feedback
loops passing through each of the terrestrial carbon stocks from the biomass to litter, to humus,
and to stable humus and charcoal (A6, B6, C6) and the negative feedback loops depicting the
decaying (E6, G6, H6, 16) and burning (D6, F6) process of each carbon stock all act as a positive
feedback loop in the atmosphere-terrestrial carbon cycle (K6 and J6). An increase in atmospheric
carbon results in higher uptake of carbon in the biomass through the effect of net primary
productivity, which results in greater transfer of carbon through the chain (biomass, litter, humus,
stabilized humus and charcoal) thereby leading to an increase in decay and transfer of carbon back

to the atmosphere.
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Figure 9 Causal feedback loops of the Carbon Sector

The accumulation of carbon in the atmosphere can be expressed as,
CA:I(DB+DL+DH+DK_NPP+BB+BL+Elnd)dt (39)

where Ca = atmospheric carbon (Tg C/year), Dg = decay of biomass (Tg C/year), DL = decay of
litter (Tg Clyear), Dn = decay of humus (Tg C/year), Dk = decay of charcoal (Tg C/year), NPP =
net primary productivity (Tg C/year), Bs = burning of biomass (Tg C/year), BL = burning of litter
(Tg Clyear), Eing = industrial emissions (Tg C/year).

Net primary productivity is calculated as,

NPPy. =pj. - (NPP)) - (40)

1012
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where j = biome type (agricultural land, forest, grassland, wetland, settlement, other land), k =
biomass component (leaf, branch, stem, root), pjk = fraction of biomass partitioned to component
k of biome j, c(NPP;) = variable surface density of net primary production (g C/m?/year), Aj =

biome area (m?).

The variable surface density of net primary production is represented as,
o(NPP)) = 6(NPP), - (1 + B - In(=4)) (41)
] ] Cao

where a(NPP;), = base surface density (g C/m?/year), § = CO; fertilization factor, Ca = current

atmospheric CO», Cao = initial atmospheric COs.

The amount of carbon stored in each component k of the biomass stock for each biome type j is
represented as,

Bj. = [ (NPPy — FLy, — FHp, — FRg, — By, — BKg, — UBp,, ) dt (42)
where FLgjx = amount of litter falling from biomass to litter layer, FHgj = decay of biomass to
humus, FRejx = decay of roots, Bgjx = burning of biomass, BKgj«x = burning of biomass to charcoal,

UBgjk = unburned remainder of biomass.

Carbon accumulated in the litter stock is represented as,

L= f(ZLl Flg, =Dy, —FH, =B, — FLK].) dt (43)

i)

where ZileLBjk: total litterfall, Dij = decay of carbon from litter to atmosphere, FHy;

decomposition of litter into humus, By = burning of carbon from litter to atmosphere, FLk;
burning of carbon from litter directly to charcoal.

The humus carbon stock is calculated as,
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H; = [ (%1 FBg,, + FHy, — FKy, — Dy, + St_y UBj + FHy ) dt

(44)

where Y% _, FBg, = decay of biomass to humus, FHLj = decomposition of litter into humus, FK;

= decomposition of humus to charcoal, Dyj = decay of humus to the atmosphere, Y%, UBjy =

unburnt remainder of biomass, FHw;j = internal flow of humus.

The stable humus and charcoal carbon stock can be expressed as,

K =

[ (FKu; = D, + Shoy FKg,, + FK,, — FKy ) dt

(45)

where FKyj = flow of carbon from humus to charcoal, Dk; = decay of charcoal, Y7 _, FKg,.=

burning of biomass directly into charcoal, FKy; = carbon flow from litter to charcoal, FKgj =

internal flow of charcoal from one biome to another.

Some of the major parameters and the initial values in the Carbon Sector are provided in Tables

8-10.

Table 8 Major parameters and their corresponding values in the Carbon Sector

Variable Value Unit Note
coal emission factor 0.7559 t C/ t coal
oil emission factor 0.5857 t C/t oil
gas emission factor 0.4483 t C/t gas
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Table 9 Initial carbon stock and base surface density of NPP values

) base surface
Biome leaf | branch | stem root litter | humus | charcoal density of NPP
(Tg) | (Tg) | (Tg) | (Te) | (T9) | (T9) (Tg) (g Clmelyear)
Agricultural
land 1509 0 0 377 845 4853 4853 500
Forest 103 769 3483 769 623 3366 8479 900
Grassland 23.53 0 0 16.34 78.9 1582 975 195
Wetland 3.1 1.5 3.1 1.7 23.1 133 133 430
Settlement 15 7.2 56.2 7.2 5.1 62 62 100
Other land 2 3.8 19.2 2.3 10.8 236 149 70
Table 10 Parameters of the flow through the terrestrial biosphere
Item agriculture | forest grassland wetland settlement other
partitioning (pj)
leaf 0.8 0.3 0.6 0.3 0.3 0.5
branch 0 0.2 0 0.2 0.2 0.1
stem 0 0.3 0 0.2 0.3 0.1
root 0.2 0.2 04 0.3 0.2 0.3
life span (1)
leaf 1 1 1 1 1 1
branch 10 10 10 10 10 10
stem 50 30 50 30 50 50
root 1 10 1 10 10 2
litter 1 1 2 1 2 2
humus 25 10 40 10 50 50
charcoal 500 500 500 500 500 500
humification factor () 0.2 0.4 0.6 0.4 0.5 0.6

33




carbonization factor
(v) upon 0.05 0.05 0.05 0.05 0.05 0.05

decomposition

carbonization factor (k) on burning of leaf is 0.05, of branch 0.1, of stem 0.2, and of litter () is 0.1.

3.8 Nutrients Sector

In ANEMI_Yangtze, nutrients (nitrogen, phosphorus) concentration in surface waters is used to
indicate water pollution. Wastewater from domestic and industrial users and agricultural inputs are
the main contributors to water quality degradation. The index of water pollution is a multiplier on
life expectancy in the Population Sector.

The causal loop diagram of the Nutrients Sector is given in Figure 10. The cycles of phosphorous
and nitrogen basically follow that of the carbon cycle. Take phosphorous cycle, for example, the
chain of negative feedback loops passing through land biota to humus and to rivers (A7, B7, C7,
D7, E7) and the negative feedback loops depicting the weathering of inorganic P (F7) act as a
positive feedback loop in the terrestrial phosphorous cycle (H7). Because it represents a continuous
cycle of negative feedbacks, it will attempt to reach equilibrium under natural conditions.
Anthropogenic influences on this system in the form of wastewater discharge affect this
equilibrium and drive change in the nutrient cycles.
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Figure 10 Causal feedback loops of the Nutrients Sector

Each flow in the nutrients cycle model is represented as negative feedback with a first-order
material delay and an implicit goal of zero. The mathematical representation of the nutrients cycle
takes the following structure,

N; = [(kijn - N; + Fyjy)dt [NN] (46)
PL' = f(kl]P . Pi + Fl]p)dt [nP] (47)

where i = index for originating nutrient reservoir, j = index for receiving nutrient reservoir, kijn =
rate constant matrix for N flows from nutrient reservoir i to j, kijp = rate constant matrix for P flows
from nutrient reservoir i to j, Ni = nitrogen reservoir i, P; = phosphorus reservoir i, Fjjn = constant

nitrogen flow from reservoir i to j, Fijp = constant phosphorus flow from reservoir i to j.
The inputs of N and P in the nutrients cycle are calculated from the wastewaters in the domestic

and industrial sectors as well as from agricultural returnable flows. For domestic and industrial

wastewaters, the nutrients inputs are calculated based on the amount of untreated wastewater
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adjusted for wastewater reuse and treated wastewater with exogenous removal efficiencies of N

and P applied.

NENdom = (DWuntreatea — Wwwdom + DWireatea (1 — Nremovaleff)) ’ Nconcdom (48)
NEPdom = (DWuntreatea — Wwwdom + DWireatea (1 — Premovaleff)) ) Pconcdom (49)
NEde = (IWuntreatea — Wwwind + Wireatea (1 — Nremovaleff)) ’ Nconcmd (50)

NEPind = (IWyntreatea — Wwwind + IWireatea * (1 — Premovaleff)) ) Pconcind (51)

where NE = nutrients emission (nN/year for nitrogen and nP/year for phosphorus), DW = domestic

wastewater, IW = industrial wastewater, Www = wastewater reuse, Nyemovai, s = exogenous N
removal efficiency, Premoval, = €X0genous P removal efficiency, Nconc = concentration of N in

wastewater, Pconc = concentration of P in wastewater.

Agricultural nutrients inputs are based on the amount of arable land that is used for food
production and the nutrients leaching factors.

NENagr =A4;- Nleaching (52)

NEPagT =A;- Pleaching (53)

where A = net arable land, Nieaching = leaching factor for N from net arable land, Pieacning = leaching
factor for P from net arable land.

The inputs of nutrients to surface waters in the nutrients cycle is based on the excess amount from
the initial nutrients inputs because of the assumption that the nutrients cycle is assumed to start at

a quasi-steady state solution.

Some of the major parameters in the Nutrients Sector are given in Table 11.
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Table 11 Major parameters and their corresponding values in the Nutrients Sector

Variable Value Unit Note
N concentration of domestic wastewater 60 o/L
N concentration of industrial wastewater 60 g/L Henze and Comeau
P concentration of domestic wastewater 15 g/L (2008)
P concentration of industrial wastewater 15 g/L
N leaching coefficient of agricultural runoff 18.65 kg/halyear FAO (2019)
P leaching coefficient of agricultural runoff 0.415 kg/halyear FAO (2019)

The initial values and rate constants in the model are abstracted from ANEMI by multiplying a
scale factor global to Yangtze scaling factor, which equals the ratio of Yangtze population to the

global population of China in 1990.
3.9 Fish Sector

The Fish Sector, which is an entirely new addition to the ANEMI_Yangtze model, is used to
describe the dynamic of fish biomass stock and fish yield over time. There are four feedback loops
that drive the dynamics of fish biomass stock (see Figure 11). Loops A8, C8, and D8 represent
negative feedback on fish biomass stock through natural fish death, fish recruits, and fish yield,
respectively. The wastewater water discharged from the Water Sector acts as a positive factor on
natural mortality. Loop B8, which connects total reservoir capacity and ship cargo volume with
fish birth rate, acts as positive feedback on fish biomass stock. As the total reservoir capacity and
ship cargo volume increase, the fish birth rate decreases so too does the fish birth. The decline in

fish birth decreases the fish biomass stock, which further reduces the fish birth.
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The calculation of fish biomass stock is given as,

F=[(fo+f—fa—f)dt (54)

where F = fish biomass stock, f, = fish birth, f, = fish recruits, which is treated as an exogenous

variable, fq = natural fish death, f, = fish yield.

Some of the major parameters and initial values in the Fish Sector are given in Table 12.

Table 12 Major parameters and their corresponding values in the Fish Sector

Variable Value Unit Note
reference natural mortality 0.075 dmnl Gilbert et al. (2000)
reference fishing mortality 0.7949 dmnl Chen et al. (2009)

reference fish birth rate 0.826 dmnl Zhang et al. (2020)
o historical fish yield in 1990 /
Initial fish biomass stock o ] tonne
reference fishing mortality
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The value 0.7949 of reference fishing mortality is calculated based on Chen et al. (2009) by
averaging the exploitation coefficients of 10 economically fish species (fishing mortality = 0.761,
0.706, 0.803, 0.829, 0.898, 0.876, 0.846, 0.774, 0.765 and 0.691). The value 0.826 of reference
fish birth rate is calculated based on Zhang et al. (2020) by averaging fish growth rate in the middle

reach, Dongting lake, and Poyang lake values.
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4. MODEL VALIDATION AND SENSITIVITY ANALYSIS

The ANEMI_Yangtze model was calibrated and validated sector by sector before putting all
sectors together. In this section, we conducted the validation and sensitivity analysis of the model

as a whole, i.e., all of the cross-sectoral feedbacks are activated.

4.1 Model Validation

To verify the feasibility of ANEMI_Yangtze, simulation results for the major state variables were

compared to available historical data for 1990-2015. The results are shown in Figure 12.

As shown in Figure 12, the model can reproduce the system behaviours very well for population,
gross output, and water demand (Figures 12(a, b, and f)). The model can capture the general
system behaviour patterns for energy requirement, energy production, and food production
(Figures 12(c-e)). The fluctuations of food production in the historical data are mainly attributed
to the flood and drought disasters, which are not currently included in the model. The discrepancies
between historical and simulated energy requirement and energy production are partly due to the
past energy policies acting on the energy system that the ANEMI_Yangtze model doesn't consider.
All in all, with only a small number of exogenous inputs (mainly precipitation and temperature in
Water Sector), this comprehensive feedback-based integrated modelling system demonstrates its

superiority by producing a very close agreement with the real-world data.
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Figure 12 Comparison of simulated and historical system behaviours
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4.2 Sensitivity Analysis

To test the sensitivity of ANEMI_Yangtze, a set of variables are selected due to uncertainty in
their values or the model structure for which they are used. The parameters used for the sensitivity
test are shown in Table 13. To determine whether alternate types of system behaviour are possible
by varying the baseline values of each selected parameter by -10 ~ 10%. Triangular probability
distributions are used. The highest point of probability in the triangle is assigned to the baseline
value of these parameters, where the outer limits are defined by the minimum and maximum

percentage changes to the baseline value.

Table 13 Parameters used for the sensitivity test of key state variables in the model

State variable Parameters Baseline value
life expectancy normal [upper, middle, lower] 50, 50, 55
Yangtze _
) female ratio 0.5
population _
reproductive lifetime 35
value share of labour [upper, middle, lower] 0.6, 0.62, 0.55
Yangtze _ _ __
capital energy substitution elasticity 0.75
gross output
capital lifetime 40
per capita food consumption 400
Yangtze food i
] average life of land normal 6000
production i _ i
inherent land fertility [upper, middle, lower] 4500, 6300, 6600
energy resource elasticity [coal, oil, gas, hydro, nuclear, 0.625, 0.657, 0.657,
Yangtze energy new] 0.303, 0.303, 0.527
production energy capital lifetime [coal, oil, gas, hydro, nuclear, new] | 15, 15, 15, 30, 30, 20
ref energy consumption per unit GDP 6
ref water withdrawal factor [coalOT, coalRC, coalDRY, 98.54, 2.47, 0.44, 34.07,
Yangtze water
gasOT, gasRC, hydroNO, nuclearOT] 2.90,0,0
demand _ i i
initial water intake [upper, middle, lower] 2100, 4000, 4500
) N leaching coefficient of agricultural runoff 18.65
Nitrogen - -
. N concentration domestic wastewater 60
concentration
N concentration industrial wastewater 60

The sensitivity simulations are first performed separately for each state variable using their
associated parameters only. The results for each of the variables examined in Figure 13, are shown

as ranges for each confidence level. The 100% confidence level includes the range for a given
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variable, including all outputs for the Monte Carlo simulations. As the confidence level decreases,
the range of the projected variables becomes smaller. As can be seen from Figure 13, for each of
the variables examined, the behaviour modes are the same within the range of the parameters tested,

indicating the robustness of the model.
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Figure 13 Sensitivity of selected state variables

The sensitivity simulations are then performed for all of the state variables listed in Table 13,
considering all the possible parameter change combinations together. The results, seen in Figure
14, show that even the range in the trajectory of the state variables is larger compared to the results

in Figure 13, the behaviour of each variable still remains the same, signifying the robustness of the

model.
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Figure 14 Total sensitivity of selected state variables
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5. CLOSING REMARK

The report provides a detailed introduction of the ANEMI_Yangtze model developed at the
University of Western Ontario. The focus of the report is on the model structure and its details
with the presentation of the model validation results. We have conducted six experiments
(S_Climate, S_Population, S_Land use, S_Energy, S _Water, and S_Eco-environment scenarios)
using the ANEMI_Yangtze model (details of the model results are to available in coming
publications). S_Climate scenario allows for the investigation of climate change impacts on social-
economic development and natural resources in Yangtze river basin. S_Population scenario
provides an investigation of how changes in birth control policy affect population dynamics and
the feedback between population growth and the depletion of natural resources and water pollution.
S_Land scenario allows for the investigation of the burning forest to expand agricultural land and
to claim agricultural land for settlement and their combined impacts on population, economy, food,
energy, carbon, and water systems. S_Energy scenario allows for the investigation of shifting
energy consumption patterns impacts on natural and environmental systems. S_Water scenario
allows for the investigation of impacts of water-saving techniques, and S_Eco-environment
scenario provides for the assessment of how policies aimed at improving eco-environment

situation shall affect the Yangtze Economic Belt system.
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Appendix A: STOCK AND FLOW DIAGRAM OF EACH SECTOR

The stock and flow diagrams for each of the 9 sectors are provided in Figures A1-A9.
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Appendix B: MODEL AVAILABILITY

The entire model code is provided in the "ANEMI" GitHub repository located at
https://github.com/FIDS-UWO/anemi_yangtze as a Vensim model file entitled

"ANEMI_Yangtze.mdl". This file can be opened using the Vensim software to view the model

structure. A free Vensim PLE licence can be obtained from https://vensim.com , which can be used

to view the stock and flow diagram that makes up the model structure. Due to the advanced features
used in the ANEMI_Yangtze model, a Vensim DSS license is required to run the model. In
addition, as the model was developed using the Vensim DSS for Macintosh Version 5.10d, so it is

suggested that a Vensim DSS for Macintosh is used for better display of the model structure.
The ANEMI_Yangtze.mdl is already set for the base run. No more data or action is needed. All

the user has to do is open the model, click on the 4" button to run the model and obtain the base

run simulation results.

The base run simulation results are provided in Appendix C.
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Appendix C: BASE RUN MODEL RESULTS

To test the capabilities of ANEMI_Yangtze, this section focuses on the application of the model
system to the baseline policy scenario. Under the baseline, all the policies shall remain the 2015
values during the simulation. Specifically, the one-child policy shall remain unchanged for the
Population Sector, the intensity of water withdrawals/consumptions in industry and agriculture for
the Water Sector, the energy shares among different energy sources for the Energy Sector, and the
fishing mortality for the Fish Sector shall all remain their 2015 values respectively. The N/P
removal efficiency in the Nutrient Sector shall be 0. The exogenous inputs of precipitation and

temperature shall use their historical average annual data.

Simulation results from 1990 to 2015 were compared to historical data as seen in Figures A10-15.
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Figure A10 Social-economic behaviours of the Yangtze Economic Belt

The dynamic system behaviours of population and economic output are shown in Figure A10. As
can be seen, the population in Yangtze Economic Belt Economic peaks around 2030 and then
decreases to around 400 million by 2100 when only one child is allowed for each family. Yangtze

Economic Belt’s gross output rises gradually up to 22 trillion 1990 RMB by the end of the

simulation.
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Figure A1l Energy Sector system behaviours of the Yangtze Economic Belt
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The dynamic system behaviours of energy are shown in Figure All. As can be seen, energy
requirement shares a similar behaviour mode of gross output as its calculation is based on every
unit economic output and reaches about 6.7 billion tce by 2100. Energy production, however,
grows very slowly when compared to energy requirements. This is partly due to the general low
reserve of fossil fuel in the Yangtze Economic Belt region, so energy production is negatively
affected by the remaining resource factor. Another factor that contributes to the slow growth of
energy production is the relatively low share of renewable resources (about 15%) even though
Yangtze River Basin has abundant hydro resources as the energy shares among different energy

sources remain their 2015 values during the whole simulation.
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Figure A12 System behaviours in the food sector of the Yangtze Economic Belt

The dynamic system behaviours of food are shown in Figure A12. As can be seen, the dynamic
behaviour of food production, which is determined by both the land yield and the grain planting
area, exhibits a declining behaviour, indicating that the effects of an increase in land yield are
outpaced by the decrease in the grain planting area. The decline in the grain planting area is
caused by a reduction in agricultural land. The food self-sufficiency ratio increases to its desired

value of 0.95 around 2050. After 2050, the increase continues because of the drastic decrease of

population size (shown in Figure A10).
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Figure A13 System behaviours of water demand in the Yangtze Economic Belt

The dynamic system behaviours of water demand are shown in Figure Al13. As can be seen,
domestic water demand follows a pathway that is almost identical to that of the population (Figure
A10), except that the peak of domestic water demand comes around 2040, which is 10 years later
than the population peak. This is due to the domestic structural water intensity increases at first
with the rise in GDP per capita and then stabilizes around 2040. Industrial water demand exhibits
a strong rise trend because of the considerable increase of energy consumption, which equals the
energy requirement value as shown in Figure Al1. Agricultural water demand, however, shows
a decline mode during the simulation. When comparing agricultural water demand to industrial
water demand, it is found that agriculture is the largest water user sector before 2030, however
after 2030 industrial sector far dominates the water use. The total water demand by 2100

approaches 8,000 108 m®/year.
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Figure A14 System behaviours of water stress in the Yangtze Economic Belt

Figure Al4 shows the dynamic behaviours of water stress under different definitions. Please refer
to section 4.6 of the report for detailed definitions of water stress. As shown in Figure Al4 the
water stress falls below the critical value of 1.0 in most cases except when taking water pollution
effects into account, indicating that the water resources in the Yangtze Economic Belt are sufficient
to support the development of the economic belt.
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Figure A15 Eco-environmental behaviours of the Yangtze Economic Belt

The eco-environmental system behaviours of the Yangtze Economic are shown in Figure A15. As
can be seen, the fossil fuel and total carbon emissions and the nitrogen and phosphorus
concentrations rise all the way to the end of simulation under the current policy scenario. The
Yangtze fish yield drops drastically, which confirms that the Yangtze rive has come to a stage

where there is no fish to catch if there is no fish ban policy.
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Appendix D: PREVIOUS REPORTS IN THE SERIES

ISSN: (Print) 1913-3200; (online) 1913-3219
In addition to 78 previous reports (N0.01 — No.078) prior to 2012
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