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A novel newsvendor model-based framework for regional industrial water resources allocation that
considers uncertainties in water supply and demand was proposed in this study. This framework
generates optimal water allocation schemes while minimizing total costs. The total cost of water
allocation consists of the allocated water cost, the opportunity loss for not meeting water demand,
and the loss of the penalty for exceeding water demand. The uncertainties in water demand and
supply are expressed by cumulative distribution functions. The optimal water allocation for each water
use sector is determined by the water price, the unit loss of the penalty and opportunity loss, and

the cumulative distribution functions. The model was then applied to monthly water allocation for
domestic, industrial, and agricultural water use in two counties of Huizhou City, China, whose water
supply mainly depends on Baipenzhu Reservoir. The water demand for each water use sector and the
monthly reservoir inflow showed good fits with the uniform and P-lIl distributions, respectively. The
water demand satisfied ratio for each water use sector was stable and increased for the optimal water
allocation scheme from the newsvendor model-based framework, and the costs were lower compared
with the actual water allocation scheme. The novel framework is characterized by less severe water
shortages, lower costs, and greater similarity to actual water use compared with the traditional
deterministic multi-objective analysis model, and demonstrates strong robustness in the advantages
of lower released surplus water and higher water demand satisfied ratio. This novel framework yields
the optimal water allocation for each water use sector by integrating the properties of the market
(i.e., determining the opportunity loss for not meeting water demand) with the government (i.e.,
determining the water price and the loss of the penalty for exceeding water demand) under the
strictest water resources management systems.

Water is a natural resource and a strategic economic resource that is essential for supporting domestic and eco-
logical water use. Conflicts over water use can occur when water resources are scarce, such as during extreme dry
events or when water use is excessive. Several national policies have exerted great pressure on the local govern-
ment to improve water use efficiency and protect water quality'. Water use in some regions has been stable or
even decreased following the implementation of these stringent water resources management regimes>. Regional
water demand is still expected to increase due to rapid economic and population growths, and the imbalance
between water supply and demand is expected to increase during certain periods, especially in rapidly developing
countries and regions with scarce water resources.
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Water resources allocation is essential for managing the imbalance in the spatial-temporal distribution of
water resources and the mismatch between water inflow and water demand?®, improving water use efficiency,
and enhancing the resistance of the water resources system to risk**. When the total amount of water in a region
is limited, determining how to optimally allocate water resources to meet societal, domestic, and economic
demands while minimizing costs is of great theoretical and practical significance for supporting the sustainable
development of the economy and society. Water resources allocation models have been developed using various
approaches, including simulations®, optimization’, artificial intelligence approach?®, game theory®, and complex
adaptive systems'’. These models have provided new insights into water resources allocation by examining the
balance between economic and social water use and ecological water use!!, and the results of this work have
important practical implications. The relationship between allocated water, water inflows, and water demands
during specific periods have not been further studied in these water resources allocation models; the cost of
water allocation is still insufficiently examined by previous water resources allocation studies'*!. For example,
penalties for exceeding total constrained water use have not been properly quantified or incorporated as a hard
constraint in an optimization model, and this impedes the implementation of stringent water resources man-
agement regimes.

The achievement of rationality in cost allocation and the planning of cost allocations when water demands
change in time remain the challenging operational research problems'*. In previous studies, on one hand, limited
type of water use cost was considered in the cost-minimization model. The type of water use cost usually includes
the operation cost'>'%, total system cost'’, supply cost'®"?, which covers the costs related to the exploitation, uti-
lization and protection of water resources in terms of water price. In fact, water resources are an important basis
for maintaining the health of life, industrial and agricultural productions and ecological environment whereas
water resources are limited in a certain range of time and space, which makes it necessary to rationally allocate
water resources in various regions, water use sectors and time periods, so as to maximize the economic, social
and ecological benefits of water utilization. If the allocated water is greater than the actual water demand, there
would be waste of water use and it should be punished, particularly in some countries or regions with strict
water management system®>?; in contrast, if the allocated water is less than the actual water demand, there will
be economic loss due to water shortage, that is the opportunity loss. Besides the above costs, the total cost of
water use should also contain the loss of the penalty for exceeding water demand and the opportunity loss for
not meeting water demand, which have not been properly considered in the previous studies. As the two core
elements of water resources allocation, both available water resources and water demand show uncertainties
aggravated by climate change and intensive human activities, while previous studies on water resources allocation
involving water use cost have not fully taken into account the uncertainty of available water resources and water
demand. Several studies considered the uncertainty of hydrologic, water demand and economic factors when
optimizing water allocation, the penalty loss and the opportunity loss have not been reflected in the economic
optimization of objective functions?*~2*, It is necessary to integrate the total water use cost (the allocated water
cost, the penalty loss and the opportunity loss) with both uncertainties of available water resources and water
demand in the water allocation model, which has, to our knowledge, not yet been addressed.

In recent years, several strict water management systems have been established to guarantee water supply
security via preventing waste of water use and improving water use efficiency, in particular to the fast-developing
countries like China. For instance, in China, the Chinese central government launched the most stringent water
management system as the annual “No. 1 Document” in January 2011%, and the red line for the constrained
total water use is one of the “Three Red Lines” (i.e., the other two red lines are : (1) the red line for the water
use efficiency, and (2) the red line for the pollutants released into water function areas), how to determine the
constrained total water use for each region is key to the implement of the three red lines and the effective water
resources management. It is urgent to develop a water resources allocation model to work out the optimal allo-
cated water that minimizes the total water use cost (i.e., the sum of the allocated water cost, the penalty loss and
the opportunity loss), and the optimal allocated water provides the basis for the constrained total water use for
each region.

Newsvendor models are powerful tools for solving uncertain decision-making problems®®. The newsvendor
problem is one of the basic problems of random storage management, and it has been widely applied in many
fields such as the ordering and storage of goods®”*%, product distribution?, and the retail and service industry in
economic management®. Newsvendor models have become increasingly popular in recent years as the circula-
tion cycle of goods has shortened. Extensive research on newsvendor models has generated several important
findings, including different objective functions and utility functions®' and different supply price strategies®.
Current research on newsvendor models has mainly focused on the framework of probability theory (i.e., the
uncertainty in supply and demand represented by a probability distribution), which aims to maximize expected
income or achieve target income. Unforeseeable actual demand is the focus of the newsvendor model and is
usually represented by a fuzzy membership function and probability distribution®***. In the classical newsvendor
model, a newsvendor buys newspapers from the newspaper office every morning for retail and returns unsold
ones in the evening. The number of newspapers sold each day can be estimated, but the demand cannot be
precisely predicted. Sometimes all the newspapers are sold, and sometimes there is a surplus of newspapers; if
the newsvendor buys more newspapers in a day, he loses money for the return cost; if not enough newspapers
are sold, he makes less money for the opportunity loss cost. The newsvendor has to decide the quantity of news-
papers to buy every morning, minimizing the total cost (i.e., the sum of newspaper cost, the return loss and the
opportunity loss). An optimization model of the quantity of purchased newspapers needs to be constructed to
minimize the total cost. This is similar to the optimal water allocation under the most stringent water manage-
ment system, in which the three types of cost and both the uncertainties in available water resources and water
demands should be considered. The newsvendor problem is one of the most basic problems of random storage
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management, and it has been widely applied in many fields of economic management®*-*’, while it is barely
applied in water resources management.

He et al.*® applied the Newsvendor model to allocate regional water resources under the constraint of total
water-use quota and provided optimal water allocation schemes for each sector and water governor in water
resources management, however, uncertainties in water demand and supply are not considered and the total
water use cost cannot be properly addressed. The impacts of changes in water price, the penalty for exceeding
water demand and the opportunity loss for not meeting water demand on the optimal water allocation aren’t
investigated. The novelty of the current study is to propose a newsvendor model-based water resources alloca-
tion framework. This framework considers the uncertainties both in water inflows and demands, minimizes the
total cost of allocated water and penalties for allocated water exceeding or failing to satisfy future water demand
in the water resources allocation model. This newsvendor model improves the optimization of water resources
allocation for the regional industrial water use sectors and was applied to optimize the monthly water alloca-
tion for domestic, industrial, and agricultural water use in two counties of Huizhou City, China to evaluate the
efficiency of the proposed framework. Given that the original newsvendor model only considers uncertainty in
demand, uncertainty in supply is also considered in the improved newsvendor model. Both the uncertainties in
water inflow and demand are considered in the optimized water allocation scheme based on the improved news-
vendor model (Abbreviated as WAINM, i.e., the first letter of “Water Allocation Improved Newsvendor Model”);
uncertainties in both water inflows and demands are represented by probabilistic distributions. In addition to the
allocated water cost, penalty losses for allocated water exceeding future water demand and opportunity losses
for allocated water failing to satisfy future water demand are also quantified and incorporated into the objective
function. The WAINM is developed to balance the relationship between uncertain water inflow and demand as
well as allocated water for optimized water allocation schemes while minimizing total costs. A two-stage heuristic
algorithm is proposed to solve the WAINM and obtain the optimal water allocation schemes.

The specific objectives of the current study are to (i) consider uncertainties in water demand and supply using
cumulative distribution functions; (ii) construct the WAINM and evaluate the its efficiency, and (iii) reveal the
impacts of water price, the penalty for exceeding water demand and the opportunity loss for not meeting water
demand on the optimal water allocation. The results of this study will aid regional water allocation under strin-
gent water resources management systems.

Proposed framework

In the proposed framework (Fig. 1), several possibility distribution functions are used to simulate the uncertain-
ties in water demand and available water resources, and the cumulative distribution functions (CDFs) of water
demand and available water resources are obtained. Next, the water allocation model (based on the newsvendor
model) is constructed, and the solution method is chosen. The optimal water allocation scheme with the lowest
total cost is determined.

Water allocation based on the newsvendor model.  The classical newsvendor model. In the classical
newsvendor model, the cost of each newspaper is c. Sometimes all the newspapers are sold, and sometimes there
is a surplus of newspapers; if the newsvendor buys more newspapers in a day, he loses money at the return cost
of h for each newspaper; if not enough newspapers are sold, he makes less money at the opportunity loss cost
of v. An optimization model of the quantity of newspapers to purchase needs to be constructed to minimize
the total cost. Newsvendor models are powerful tools for solving problems associated with uncertain decision
making. The newsvendor problem is one of the most basic problems of random storage management, and it has
been widely applied in many fields of economic management, such as goods ordering and storage and product
distribution.

Newsvendor model-based framework for water allocation that considers the uncertainties in water supply and
demand.

(1) Basicidea

Like a newsvendor selling newspapers (i.e., water allocation), when the unit purchasing cost (i.e., ¢) of news-
paper (i.e., the purchase cost of a unit water resource or water price), the unit loss (i.e., 1) of the over-purchased
part (i.e., the penalty for exceeding water demand), and the unit loss (i.e., v) of the under-purchased part (i.e., the
opportunity loss for not meeting water demand) are known, and the exact demand (i.e., water demand during a
period) is unknown, the number of newspapers the newsvendor should purchase every day (i.e., how much water
should be allocated) needs to be determined to minimize the total cost (i.e., the total cost of water allocation).
One of the basic assumptions of the newsvendor model is that the demand for newspapers is uncertain, which
corresponds to the uncertainty in the water demand of each water use sector in the water resources allocation
model. There is no limit to the quantity of goods in the classical newsvendor model. The available water resources
are limited and uncertain under changing environments; available water resources are limited by the engineering
capacity. The classical newsvendor model needs to be improved to develop a water resources allocation model
that considers the uncertainties in both water supply and demand.

The main advantages gained by the analogy of water allocation to the newsvendor problem are as follows: (1)
the allocated water cost as well as the penalty and opportunity loss can be properly considered when allocating
water resources and determining the constrained total water use, which fits well with the most stringent water
management system; (2) the impacts of changes in water price, the penalty for exceeding water demand and
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Figure 1. Flowchart of the framework.

the opportunity loss for not meeting water demand on the optimal water allocation can be quantified via the
newsvendor model-based water resources allocation framework, which aids water governor for effective water
resources management.

(2) Improved newsvendor-based framework for water allocation that considers the uncertainties in water
supply and demand

Water resources allocation involves reasonably allocating limited water resources among different water use
sectors and ensuring the efficient utilization of water resources. If a region is divided into i (i = 1,2,3,...,1)
calculation units, there are j (j = 1,2, 3,. . .,]) water use sectors for each calculation unit. The objective function
based on the newsvendor model is determined to minimize the total cost of water allocation. The cost function
of the jj;, water use sector in the iy, calculation unit is as follows:

C(#;) = Co(xty) + Cu(x)) + oty (1)

The expected cost functions are as follows:

E[C, (xf]>] =h- °/°g(Rt)/"f<x£j - Df,j) fij (Df]> -dD}; - dR! 2
0 0

B ()1 = v- /g(Rt)/<D5,j — ;) £y (Dyy) - dD}; - 4R’ 3)
0 *

BIG (+))1 = ¢, (4)
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where, in time period ¢, D} ; represents the water demand; x;; represents the allocated water resources; R’ and
g(R") represent the runoff and its density function, respective iy, and Cy, Cy, and C,, represent the expected loss
of the penalty for exceeding water demand, the expected opportunity loss for not meeting water demand, and
the e?)ected cost of allocated water, respectively.

C(x! ]> is a concave function that needs to be minimized to optimize the allocation of water. The upper and
lower bounds of runoff and water demand need to be compared to define C( J>

Dijmin < Dij < Dijmax (5)
Ripin < R' < Ry (6)
If Rinax < th]max’
Rmax xt[’]
E[C, (xf])] =h- / g(R)/(xf,j - Df,j) fij (Df;) -dDj; - dR! (7)
Rim'n 0
Rf,mu D;,jmax
E[Cu<x£j>]:v- /g(R) / (Dt ) £ ( )-dD,{j-dR’ 8)
Rlyin xj;
- v—oc
FiJ(xi,j>=h+V )
where x! i * represents the optimal allocated water, and F; ; O represents the CDF of the water demand.
Ith th]max’
D} jinax R D jinax
E[C, (x,{j)] / / (DfJ>-deJ.dR‘+h- / g(R") / <x,{j - D! J)-ﬁJ (D; J).dD;J.dRr
Rin[n 0 Df,jmux 0
(10)
i,jmax i,jmax
E[C, (xf,j>] —. / g(RY) / (D,{j —Xf,j> fij <D§J> -dD}; - dR! )
Rinm xtt]
h+c
R P
A (h V)G D j00) (12
where x! ,j* represents the optimal allocated water, and the derivation procedure is provided in D1 in the sup-

plementary information file.

In contrast to the unlimited order quantity in the classical Newsvendor model, available water resources in
water allocation are constrained by the reservoir capacity. That is, the total amount of allocated water is limited
by the discharge of the reservoir, and the discharge is also restricted by the design water level of the reservoir.
The constraints are as follows:

1. Reservoir capacity constraint
Vinin < V' < Vinax (13)
2. Water balance constraint
V=Vl gt (14)
3. Reservoir discharge constraint

1

> > =« (15)

=1 j=1

Equation (16) can be obtained from Eqs. (13) and (14):

Vt_l + rt — Vinax < Qt = Vt_l + T't — Vinin (16)
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—1
=V = Viin
where V1, 7!, and Q' represent reservorr capacity, inflow, and outflow in time period ¢, respectively.

The optimal allocated water x!.* can be obtained according to the above expected cost function and con-
straints. If V! < Vi,

The maximum reservoir discharge Q/,,,,

o]

I
sz:,]* = Qinax = Vt_l + rt = Vinin (17)

i=1 j=1

then the total allocated water exceeds the maximum discharge of the reservoir; x! " is not the optimal allocated
water and requires modlﬁcatlon In the current study, a two-phase heuristic algorlthm was introduced to obtain
the optimal allocated water x *. In this method, a new Lagrange function is constructed by linking the expected
cost function with the constraint of available water resources through Lagrange parameters (e.g., 1), and then
the newsvendor model of water resources allocation under limited available water resources is solved by solving
the new Lagrange function.

The new Lagrange function is as follows:

I ] I
L(xlj, 21: z;[Co (xfj> +C ( l]) + Cp< ,J> 1+ /l(z; XExf] Q) (18)
i=1 j= j=

where 2 represents the Lagrange parameter. The optimal allocated water x! j* can be obtained as follows:

v—c—4A

If Rinax < Dijmaxs Fij (xf,j *) =

(19)

h+c—4
(h+ G (D)

where x!." represents the optimal allocated water, Wthh can be represented by 4. An optimal value of 1 is
calculatec{ to obtain the optimal allocated water x! xi ™ is determined by the water price (c), the unit loss of
the penalty for exceeding water demand (h), and tﬂe un1t loss (v) of opportunity loss for not meeting the water
demand of the jy, water use sector in the iy, region. The CDFs of water use and reservoir inflow also affect the
optimal allocated water.

The detailed derivation procedure is provided in D2 in the supplementary information file.

T Rynax > Dijmas Fij (Xf,j*) =1- (20)

Uniform and P-IlI distributions. The uniform distribution has been a useful tool for describing the
distribution of some water-related elements such as irrigated water depth® and daily streamflow*’. Given the
rapid development of the agricultural industry and population growth, data for the first three years of the fore-
casted years were used for the historical data analysis. We assumed that agricultural, industrial, and urban water
demand fit the uniform distribution*"*, and the highest value in the previous three years serves as the upper
bound and the lowest value serves as the lower bound. That is,

1
ii(x) = —————,x € [Dyin, D
f;,]( ) Dyuoe — Donin [Dimin> Dmax] (21)
X — Diin i
Fi,j(x) =5 _n X € [Dmins> Dmax]s Fz,](x) = 1lifX > Dy (22)
Dmﬂx Dmln

P-III is the most commonly used probability distribution for calculating the frequency of the main hydro-
logical elements (e.g., rainfall, runoff) in China in recent decades®. The P-III distribution function is as follows:

1 too o _ g yv—1 -
6= o [ TR ap s (23)
al'(y) /) o o o

where y represents the unknown shape parameter and I'(y) is a gamma function.

Gammainy(1 - p,a,
xp = %1+ G2 x & x ammainy(1 = p.cf) _,Cr) (24)
Cy 2 G

Equation (24) can be obtained by the standardized transformation of Eq. (23). P-IIT is used to fit the histori-
cal monthly inflow series, and the design monthly inflow can be calculated according to the design frequency.

y
gR) = L (R — ag)~Texph- (25)
I'(y)
G(R) = ﬂ/.oo(R _ ao)y—lexp—ﬂ(x—ao)dR (26)
) Jr
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Figure 2. Location of the study region (this figure was generated using ArcGIS 10.4 http://appsforms.esri.com/
products/download/index.cfm?fuseaction=download.main&downloadid=1932).

Application of the water allocation model for Baipenzhu Reservoir, Dongjiang River
Basin, China

Basic information. Baipenzhu Reservoir is located in the upper stream of the Xizhi River (Fig. 2); it was
constructed in April 1958 and has a drainage area of 856 km? and total reservoir capacity of 1.22 billion m°.
Baipenzhu Reservoir is a large reservoir that functions in flood control, irrigation, power generation, and navi-
gation. It also serves as one of the main water sources of Huidong and Huiyang, which are the two counties
of Huizhou City, Guangdong Province. The two counties have exhibited stable industrial water use in recent
decades; nevertheless, there is an urgent need to develop a model to optimize the allocation of the scarce water
resources of Baipenzhu Reservoir among the different uses of industrial water in the two counties.

Data. The uniform distribution was applied to analyze the uncertainties in the water demand of Huidong and
Huiyang in terms of the design frequency, according to the time series of historical water use data collected from
the Guangdong Water Resources Bulletin and Huizhou Statistical Yearbook (2002-2011). The P-III distribution
was applied to simulate the monthly inflow of Baipenzhu Reservoir under different frequencies according to
the observed inflow of the reservoir from 1985 to 2011, the data of which were obtained from the Guangdong
Hydrology Bureau. The water price of each water use sector and the unit loss of the penalty for exceeding water
demand are shown in Table S1. Table S1 also shows the unit loss of opportunity loss for not meeting water
demand.

Results and discussion

Water demand and supply inputs.
(1) The design monthly inflow of Baipenzhu Reservoir

The frequency curves of the inflow of Baipenzhu Reservoir from Jan to Dec are shown in Fig. S1, and the
correlation coefficient of each month is shown in Table S2. The degree of fit of the P-III frequency curve was

very high, and the minimum correlation coefficient was as high as 0.9. The P-III frequency curve could be used
to fit the monthly inflow distribution of Baipenzhu Reservoir.

Industrial water demand

)
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Year [2005 [2006 [2007 [2008 [2009 [2010 [2011
Huidong
Agriculture
Observed 376.2 370.3 363.3 342.3 345.0 330.8 334.0
Upper bound 409.8 397.7 376.2 376.2 370.3 363.3 345.0
Average 387.6 381.5 370.8 369.7 356.3 352.8 337.9
Lower bound 365.4 365.4 365.4 363.3 342.3 342.3 330.8
Average error (%) 3.04 3.05 2.07 8.01 3.27 6.66 1.17
Industrial
Observed 112.8 109.6 121.4 144.3 146.7 155.0 151.3
Upper bound 80.6 112.8 112.8 121.4 144.3 146.7 155.0
Average 73.9 90.0 96.7 115.5 127.0 134.1 149.7
Lower bound 67.2 67.2 80.6 109.6 109.6 121.4 144.3
Average error (%) —-3452 | -17.89 | -20.35 |-19.93 |-13.46 |-13.52 -1.07
Domestic
Observed 86.0 94.3 97.3 104.3 94.3 99.7 100.2
Upper bound 80.9 86.0 94.3 97.3 104.3 104.3 104.3
Average 75.4 77.9 82.1 91.6 99.3 99.3 99.3
Lower bound 69.9 69.9 69.9 86.0 94.3 94.3 94.3
Average error (%) -12.35 | -17.38 |-15.61 |-12.11 5.27 —-0.40 -0.94
Huiyang
Agriculture
Observed 134.5 132.4 129.9 122.4 123.3 118.2 119.4
Upper bound 146.5 1422 134.5 134.5 1324 129.9 123.3
Average 138.6 136.4 132.5 132.2 127.4 126.1 120.8
Lower bound 130.6 130.6 130.6 129.9 122.4 122.4 118.2
Average error (%) 3.04 3.05 2.07 8.01 3.27 6.66 1.17
Industrial
Observed 40.3 39.2 434 51.6 52.4 55.4 54.1
Upper bound 28.8 40.3 40.3 43.4 51.6 52.4 55.4
Average 26.4 322 34.6 41.3 45.4 47.9 53.5
Lower bound 24.0 24.0 28.8 39.2 39.2 434 51.6
Average error (%) -3453 |-17.89 |-20.35 |-19.93 |-13.46 |-13.52 -1.07
Domestic
Observed 30.7 33.7 34.8 37.3 33.7 35.6 35.8
Upper bound 289 30.7 33.7 34.8 37.3 37.3 37.3
Average 26.9 27.9 29.3 32.8 35.5 35.5 35.5
Lower bound 25.0 25.0 25.0 30.7 33.7 33.7 33.7
Average error (%) -12.37 |-17.38 |-1561 |-12.11 5.27 -0.40 -0.94

Table 1. The upper and lower bounds of predicted and historical water use (million m?).

Table 1 shows the upper and lower bounds of the agricultural, industrial, and domestic water demand from
2005 to 2011 in Huidong and Huiyang. Industrial and domestic water consumptions were assumed to have an
even intra-annual distribution (Table S3), and the intra-annual distribution of agricultural water consumption
was deduced from the average water use from 2002 to 2011. Since the development of agriculture is stable, the
average errors of the prediction of agricultural water demand are small, with a maximum of 8.01% and mini-
mum of 2.07% (Table 1). Due to the rapid development of the industrial economy and population growth in the
study area*, the prediction errors of industrial and domestic water demand were larger; the maximum average
prediction error of the industrial and domestic water demand was 34.52% and 17.38%, respectively. The predic-
tion error decreased gradually with time, and the minimum average prediction error of industrial and domestic
water demand was -1.07% and -0.94%, respectively. The assumption that the water demand fits the uniform
distribution is reasonable; the water demand can be predicted by the probability distribution function deduced
from historical water use data.

Water allocation based on the improved newsvendor model.  Water demand satisfied ratio. Fig-
ure 3 shows actual water use, actual allocated water, and optimal allocated water by the WAINM and the inflow
of Baipenzhu Reservoir from 2005 to 2011. The actual allocated water is greater than the optimal allocated
water when the reservoir inflow is higher (such as for 2006 and 2008) and more surplus water is released from
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Figure 3. Comparison of water use and actual and optimal allocated water (Unit: million m?).

the reservoir (Fig. 3). Basically, higher reservoir inflow corresponds to a higher water demand satisfied ratio
(Table 2) (e.g., 100% from 2005 to 2008). The water demand satisfied ratio is lower when there are fewer inflows
(e.g., from 2009 to 2011). A greater release of surplus water from the reservoir in actual allocation causes the
available water resources in the reservoir to be insufficient and lowers the water demand satisfied ratio during the
latter period (Table 2). Although there was some variation in water inflow, both the optimal allocated water and
actual water use were stable, and the optimal allocated water of each year was almost equal to the actual water
use, ensuring that the water satisfied ratio remains high and stable in optimal allocation (Fig. 3). This is superior
to actual allocated water, which shows consistent decrease and greater variation. This poses a major challenge
for water supply security. One percent of the water demand satisfied ratio corresponds to one score; the number
of scores for actual allocated water was 653, which is lower than that of optimal allocated water with 685 scores
(Fig. 4), demonstrating the greater effectiveness of the WAINM.

Tables 3, 4 and Table S4 show the actual water use, optimal allocated water and actual allocated water from
2005 to 2011 for each water use sector, respectively. During this period, the agricultural, industrial and domestic
water use respectively shows significant decrease, significant increase and fluctuating increase (Table 3). This is
mainly due to the improved water use efficiency and the adoption of water saving technologies under the strictest
water resources management systems. In the optimal water allocation, the optimal allocated water for each water
use sector is determined according to the water price, the unit loss of the penalty for exceeding water demand,
and the unit loss of opportunity loss for not meeting the water demand, as well as the maximum monthly water
demand and water inflow, and shows similar change trend to that of the actual water use (Table 4), whereas in the
actual water allocation (Table S4), the actual allocated water for each water use sector shows greater variation and
doesn’t match the actual water use well compared to the optimal allocated water. In the actual water allocation,
higher reservoir inflow permitted the allocation of water to each water use sector to meet water demand from
2005 to 2008; a higher water demand satisfied ratio was achieved during this period, and more surplus water
was released from the reservoir (Table S5). This also resulted in a lower water demand satisfied ratio from 2009
to 2011 given that reservoir inflow was lower during this period, and more surplus water was released from the

Item Year 2005 | 2006 |2007 |2008 |2009 |2010 |2011
Actual allocation 100 100 100 100 |91 88 74
Optimal allocation | 96 100 98 99 100 100 91
Actual allocation 185 630 10 701 0 0
Optimal allocation | 23 21 12 39 32 38 3

Water demand satisfied ratio (%)

(=]

Water surplus (million m?)

Table 2. Comparison of the water demand satisfied ratio and water surplus under actual and optimal water
allocation.

Scientific Reports |

(2023) 13:13639 | https://doi.org/10.1038/s41598-023-40692-7 nature portfolio



www.nature.com/scientificreports/

B Actual water demand satisfied ratio(%) ™ Optimal water demand satisfied ratio(%)

80 60 40 20 0 20 40 60 80 100

2005
2006
2007
2008
2009
2010

2011

653 685

Figure 4. Comparison of the overall water demand satisfied ratio under actual and optimal water allocation.

2005 376.2 112.9 86.0 134.5 40.3 30.7 510.6 153.2 116.7 780.5
2006 370.3 109.6 94.3 132.4 39.2 33.7 502.6 148.8 128.0 779.4
2007 363.3 121.5 97.3 129.9 43.4 34.8 493.1 164.9 132.0 790.0
2008 342.3 144.3 104.3 1224 51.6 37.3 464.7 195.9 141.5 802.1
2009 345.0 146.7 94.3 123.3 524 33.7 468.3 199.2 128.0 795.5
2010 330.8 155.0 99.7 118.2 55.4 35.6 449.0 210.5 135.3 794.8
2011 334.0 151.3 100.2 1194 54.1 35.8 453.4 205.4 136.1 794.8

Table 3. Actual water use from 2005 to 2011 (million m?).

2005 3927 78.9 79.9 141.2 27.9 28.4 533.9 106.8 108.3 749.0
2006 385.2 107.2 84.6 1383 37.1 30.0 523.6 1443 114.6 782.4
2007 372.0 108.8 922 133.2 38.1 326 505.2 146.9 124.8 776.9
2008 371.2 120.0 96.3 132.9 42.6 343 504.1 162.6 130.6 797.2
2009 359.5 140.0 103.4 129.0 49.1 36.8 488.5 189.1 140.2 817.8
2010 3552 143.6 103.4 127.4 50.7 36.8 482.6 194.2 140.2 817.0
2011 275.6 152.1 102.4 101.7 53.9 36.3 3773 206.0 138.8 722.1
Table 4. Optimal allocated water by the Water allocation based on the Improved Newsvendor Model (million
m?).
reservoir during the earlier period. The overall increasing and stable water demand satisfied ratio in the optimal
water allocation scheme demonstrated the superiority of the WAINM compared with the actual water allocation.
Water allocation cost.  'The cost of the optimal allocated water was only 48 billion CHY, which is much less than
71.4 billion CHY in actual allocated water (Table S6; Fig. 5). In 2005 and 2007, the cost of optimal allocated water
was higher than that of actual allocated water, and the cost of optimal allocated water decreased after 2008. From
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B Total cost of actual water allocation (million CHY) ™ Total cost of optimal water allocation (million CHY)
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Figure 5. Comparison of the cost of actual and optimal water allocation.

2009 to 2011, the cost of optimal allocated water was significantly lower than that of actual allocated water. This
stems from the fact that the water demand satisfied ratios in the actual water allocation scheme were all 100%
from 2005 to 2008 and were higher than those under optimal water allocation (Table 2). This suggests that water
demand was not fully met in the optimal allocation scheme, and the allocated water cost and opportunity loss
for not meeting water demand in the optimal allocation scheme were greater than that of the actual allocation
scheme, even if there was a loss of the penalty for exceeding water demand in the actual water allocation scheme.
The unit loss of the opportunity loss is greater than the water price and the unit loss of the penalty loss for each
water use sector (Table S1); the opportunity loss is much greater than both the allocated water cost and pen-
alty loss, and it accounts for much of the total cost of water allocation, demonstrating that the total cost of the
optimal water allocation scheme (i.e., with lower water demand satisfied ratio and higher opportunity loss) was
greater than that of the actual water allocation scheme (i.e., with higher water demand satisfied ratio and lower
opportunity loss). From 2009 to 2011, the water demand satisfied ratios in the optimal water allocation scheme
were higher than those in the actual water allocation scheme, which decreases the opportunity loss and the total
cost of water allocation across the three years.

From the perspective of uncertainty, the optimal allocation of water resources can be divided into determin-
istic allocation and uncertain allocation. In light of the uncertainty in available water and water demand, water
allocation by the WAINM is classified as uncertain allocation. The water allocation results by the WAINM were
compared with the water allocation results from the water resources allocation scheme in the Dongjiang River
Basin of Guangdong Province, which was obtained via the deterministic allocation model using a multi-objective
analysis method (i.e., MOA model) (Table S7). Compared with actual water use, water shortage occurred in
both of the water allocation schemes obtained by the WAINM and MOA models (the WAINM allocated more
water for agricultural water use, which resulted in abandoned water) (Table S7). The water shortage of the water
allocation schemes obtained by the MOA model was much greater than that of the WAINM, especially water
allocation for agricultural water use, as the MOA model applied the water supply design guarantee rate param-
eter when attempting to optimize allocation decisions®. In the MOA model, the water supply guarantee rate of
agricultural water use was the lowest; the agricultural water shortage was the most severe. The water shortage
of the industrial water allocation scheme obtained by the MOA model was less than that of the WAINM, which
mainly stemmed from the higher guarantee rate of the industrial water supply*. Nevertheless, the total water
shortage in the optimal water allocation scheme obtained by the MOA model was 32.6 million m?, which was
much higher than that of the water allocation scheme obtained by the WAINM with a water shortage of 3.1
million m>. The price parameters in Table S1 were used to calculate the cost of the two types of water allocation
schemes. The water allocation cost of the MOA model was much higher than that of the WAINM (Table S7).
The water shortage was less severe and the costs were lower for the optimal water allocation scheme obtained by
the WAINM under an uncertain water supply compared with the traditional deterministic MOA model; these
results were also more similar to actual water use.

Sensitivity analysis of the three cost price parameters in the water allocation improved news-
vendor model.  Figure 6 shows the impacts of changes in ¢, h and v on the optimal water allocation obtained
by the WAINM in terms of surplus water released from reservoir and score. When the three parameters of each
industry are doubled or decreased by 50%, both the surplus water released from reservoir and score of the cor-
responding optimal water allocation scheme show some changes, and the surplus water released from reservoir
has greater change. In particular, the scores have barely changed, showing strong robustness of the WAINM. No
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Figure 6. Changes in ¢, h and v on the optimal water allocation obtained in terms of surplus water released
from reservoir and score of water demand satisfied ratio.

matter how the three parameters change, the optimal water allocation shows obvious advantages over the actual
water allocation, with less surplus water released from reservoir and higher guarantee rate of water supply.

Fig. S2 shows the change rates of optimal allocated water caused by doubled or decreased by 50% changes
of hand v for each water use sector from 2005 to 2011, respectively. Obviously, in all years, changes of ¢ , h and
v for agriculture lead to the largest change range of allocated water (i.e., with an average of 0.126% by ¢, 0.772%
by h, and 0.887% by v), followed by industrial (i.e., with an average of 0.055% by ¢, 0.448% by h, and 0.500% by
v), and domestic has the least change range (i.e., with an average of 0.016% by c, 0.149% by h, and 0.165% by v).
Although the three parameters of agricultural water use were the lowest, the optimal allocated water caused by
their changes were the biggest, because agricultural water use accounts for the most in the basin*’. The optimal
allocated water has the highest sensitivity to the change of v, followed by h, and the lowest sensitivity to the
change of ¢, because c is the lowest of the three parameters, and the change of ¢ has little effect on the allocation
of water. The change of 1 has greater impact, and the change of v has the greatest impact, indicating that among
the three price parameters of the WAINM, the opportunity loss has the greatest impact on the allocated water
while the water price has the least impact.

The WAINM has several advantages compared with actual water allocation and the traditional deterministic
MOA model. It helps decision makers determine the optimal water allocation schemes and achieve a stable
water demand satisfied ratio for each water use sector at the lowest total cost; it also uses the CDFs to represent
the uncertainties in both water demand and supply, which is more similar to the actual water resources system.

The optimal water allocation amount obtained by the WAINM for each water use sector is determined by
the water price, the unit loss of the penalty for exceeding water demand, the unit loss of opportunity loss for not
meeting the water demand of the water use sector, and the CDFs of water use and supply. The water price and the
unit loss of the penalty and opportunity loss can be determined by the market or by the government; It is difficult
to predict regional water demand, because the influencing factors are complex and dynamic, and water demand
prediction is full of challenges with greater uncertainty*®*. In the current study, considering the short and stable
time series of industrial water demand in the study area, meanwhile, the number of newspapers the newsven-
dor purchased every day in the Newsvendor model was assumed to conform to a uniform distribution®-*’, the
demand for newspapers is uncertain, just like the uncertainty in the water demand of each water use sector in
the water resources allocation model, therefore, the uniform distribution was chosen to express the uncertain-
ties in water demand. The parameter of the uniform distribution was calibrated and validated with time series
of observed water use in the study area, and the uniform distribution for each water use sector was taken as the
input for the WAINM.

Practical applications and future research prospects. The novel proposed framework can be applied
to provide optimal water allocation schemes for water governors in the fast-developing countries or regions
with the strictest water resources management systems, according to the water price and the unit loss of the
penalty and opportunity loss determined by the water market or by the government. The cumulative distribu-
tions applied in the WAINM can be adjusted in real time according to the water use characteristics of the region
and the temporal distribution of reservoir inflows of the reservoir, and the impact of regional water demand and
supply on the optimal water allocation amount should be further studied. Some constraints can be added in the
WAINM to ensure the superiority of domestic water use in future studies.

Conclusions

The current study proposed a newsvendor model-based framework for water allocation. The possibility distribu-
tion functions of both water demand and supply, as well as the cost of each water use sector, the unit loss of the
exceeding water demand, and the unit loss of the penalty for not meeting water demand, were incorporated into
the framework to determine the optimized water allocation schemes with lowest total costs. The case study sug-
gests that, in the optimal water allocation scheme from the WAINM, the water demand satisfied ratio increased
and the costs were lower compared with actual water allocation. The total water shortage and cost in the optimal
water allocation scheme by the traditional deterministic MOA model were respectively 9.52 and 2.26 times larger
than that of the water allocation scheme by the WAINM. Sensitivity analysis of the three cost price parameters
demonstrated the strong robustness of the WAINM.
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