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Abstract: The present study examines the optimal water supply portfolio under the impact of climate
change constructed by the authors previously. It incorporates feasibility planning for water supply
projects, assesses a feasible water supply portfolio for central Taiwan, and uses the shadow price
method to assess the rationality of the compensation policy for transferring agricultural water to
ensure water supply security for the industrial sector. The study finds that Changhua and Yunlin
have the highest per-unit costs of raw water, and the Nantou region has the highest carbon emission
coefficient (carbon footprint) per unit of water produced. The cumulative value (2021–2031) of the
water resources policy to reallocate agricultural water to achieve water supply security is about
TWD 15.904–31.13 billion. The shadow price of industrial water is about TWD 40.18/cubic meter.
Therefore, a compensation price for agricultural water transfer of less than TWD 40.18/cubic meter
represents a rational policy.

Keywords: climate change; water supply portfolio; shadow price; water supply security; policy value

1. Introduction

Enhancing water supply security has become the most important governance chal-
lenge for water authorities in various countries in response to climate change (Intergov-
ernmental Panel on Climate Change (Intergovernmental Panel on Climate Change, IPCC),
2014). IPCC (2014) points out that strengthening adaptation measures, especially in sci-
entific forecasting, risk management, and impact assessment of surface water supply, at
the same time as strengthening the conservation of groundwater resources to meet future
demand for groundwater extraction will be priority policy strategies for water resource
managers around the world [1]. The central region of Taiwan (including Miaoli, Taichung,
Nantou, Yunlin, and Changhua) needs to strengthen the water use environment and im-
prove water use efficiency. Central Taiwan is a region that is vulnerable to climate change,
particularly as the over-reliance on groundwater by water users has led to severe sub-
sidence. Aside from existing major water supply facilities, there are a number of water
supply facilities under construction, including the Joint Water Source Utilization Project of
the Da’an and Dajia Rivers, the Niaozuitan Artificial Lake, and reclaimed water projects.
To ensure that water supply facility projects are properly implemented, in addition to
technical considerations such as current supply and demand, factors such as water supply
value, environmental impact, affordability, and social acceptability should be integrated
into the assessment for medium to long-term planning (2031). The Water Resources Agency
has set a cap on total water supply for 20 billion cubic meters for 2031.

The industry has had high added-value. In the face of extreme climate, in order to
ensure water supply security for the industry, the government transfers reallocated water
from agriculture. Therefore, evaluating the costs of water resource scarcity for agriculture

Water 2021, 13, 567. https://doi.org/10.3390/w13040567 https://www.mdpi.com/journal/water

https://www.mdpi.com/journal/water
https://www.mdpi.com
https://doi.org/10.3390/w13040567
https://doi.org/10.3390/w13040567
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13040567
https://www.mdpi.com/journal/water
https://www.mdpi.com/2073-4441/13/4/567?type=check_update&version=2


Water 2021, 13, 567 2 of 21

(or the value of secure water supply) has become an important basis for evaluating the
rationality of the government’s agricultural water transfer and compensation policies. The
compensation fee for the transfer of allocation water is currently approximately TWD
20/cubic meter.

The literature on the impact of climate change on water supply security can be di-
vided into three types: (1) the impact of climate change on water supply [2,3], discussing
the impact on changes in rainfall under different warming scenarios on water supply
security; (2) water supply adaptation planning and empirical research in response to cli-
mate change [4–6], establishing water supply management plans for specific regions in
response to climate change; and (3) applying hydro-economic models to water supply
management strategies [7–9] to explore the most appropriate (minimum cost or maximum
benefit) water supply management strategy under different economic and hydrological
conditions. Huang and Lee [10] pioneered the application of the hydro-economic model to
establish a climate-resilient water supply portfolio, including the dimensions of reliability,
economic feasibility, affordability, environmentally friendly, and social acceptability. It
can also capture the cost of water supply infrastructure in different periods and provide a
reference for medium and long-term water resources infrastructure planning. However, the
above model does not take into account water resources infrastructure in policy planning
and is, therefore, likely to result in a decoupling of optimal planning and feasible planning.

The shadow price is used in traditional literature as a measure of the price for some-
thing that is not normally priced in the market. In the case of water supply, the so-called
shadow price refers to the marginal contribution to the objective function (usually mea-
sured in terms of net social benefits) from not using a single unit of water. In the optimal
situation, the shadow price should be equal to the user cost of the water resource [11]. Based
on Harrington’s (1987) definition, the shadow price consists of use value and retention
value. Use value refers to the operation and maintenance cost of the water supply system;
retention value is the value to future generation’s water resource use from reducing (or
retaining) one unit of water resources in the current generation. The unit cost measurement
will vary between firms and the government. The main reason is that the externalities
of water supply (e.g., costs of environmental damage costs) are not considered in the
decision-making models of firms. In contrast, the government takes overall social benefits
as the starting point and, therefore, takes into account external costs. Therefore, if we take
the government decision-making model as an example, the measured shadow price will
include the current value of the future saving in extraction costs and environmental costs
of extracting one unit less of water now, reflecting higher user costs. However, from the
perspective of firms, the shadow value of water resources reflects the difference between
its marginal benefits and marginal costs. Since Hotelling [12] proposed his theory on the
optimal extraction of exhaustible resources, many economists [13–26] have applied shadow
pricing to water supply management and pricing. Since the shadow price represents
the social value of not using a single unit of water or the social cost (or shadow cost) of
depleting a single unit of water, the shadow price can be used as a basis for assessing
the genuine value of the water supply (or the cost of water shortage). The shadow price
of water resources is not easy to measure. The main influence factors include: (1) Hy-
drological conditions: permeability coefficient for groundwater recharge, delay time for
groundwater discharge, area of aquifers, storage coefficient of aquifers, and the natural
recharge rate of groundwater; (2) Cost of Water extraction: marginal pumping costs for
groundwater according to hydraulic head; (3) Market behavior: groundwater demand
parameters, groundwater pumping capacity, and water intake; (4) Social benefits and costs:
marginal benefits of water extraction and marginal costs of water extraction.

The impact of climate change on Taiwan has increased the risk of water scarcity by
increasing variability between wet and dry periods and reducing the intervals between dry
years. Therefore, the present study refers to the water supply portfolio model for climate
resilience developed by Huang and Lee (2019), using central Taiwan as a case study. The
study considers hydrological and economic characteristics of different water sources and
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the government’s forward-looking infrastructure development program for water supply
infrastructure to put forward a feasible water supply portfolio to achieve water supply
security. The shadow price of water resources is then applied to evaluate the value of water
supply security (or the cost of water shortage) for the industry as a basis for a rational
compensation policy for the transfer of agricultural water supply to industry. The present
study is organized as follows: the second section is planning the optimal water resources
portfolio for central Taiwan; the third section is the assessment of the value of the water
supply security policy; the fourth section is the conclusion and recommendations.

2. Feasible Water Supply Portfolio for Water Supply Security in Central Taiwan

In this section the model development, derivation of the solution, and the application
to the water supply planning in central Taiwan are described as below. The flow chart is
shown in Figure 1.

Figure 1. Determination of cost-effective water supply portfolio for water supply security in cen-
tral Taiwan.

2.1. Theoretic Model
2.1.1. Hydrology and Climate Condition in Central Area

Currently, water supply in central Taiwan mainly consists of surface water (lakes,
reservoirs, dams) and groundwater. However, according to the plans of the Water Resources
Agency, future water supply will include reclaimed water. Therefore, the present study
includes three types of water resources. The basic parameters for the model are as follows:

1. Water supply target: The target year of 2031 is the final year of the model.
2. Water supply recipients: Given the characteristics of agriculture water supply, agricul-

ture water supply is first deducted from potential natural water resource. Therefore,
the study evaluates the optimal mixed for the remaining water supply based on public
water resource (domestic and industrial).

3. Water supply scenarios: Due to the significant difference between the wet and dry
periods for surface water in central Taiwan, the water supply portfolios are divided
into two scenarios (wet and dry).

4. Water supply type: Diversified development (investment) to ensure stable water
supply, including surface water (lakes and reservoirs, weirs, and artificial lakes),
groundwater, and reclaimed water. If, due to the influence of wet or dry periods or
climate change, the potential supply of natural water resources cannot meet demand,
responses include the development of water resources (groundwater, desalinated
seawater) or the transfer of agricultural water.

5. Water supply security: Ensure that the annual water supply is not less that the planned
annual water demand. In addition, the amount of surface water and groundwater
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that can be extracted is affected by climate change, which is reflected in water supply
security.

6. Water supply characteristics: Consider intermittency costs, which are reflected in
water supply stability.

7. Impact of climate change: In central Taiwan, surface water is most affected by climate
change. Therefore, in this study, we apply a worst-case to simulate the reduction in
surface water runoff caused by climate change.

8. Environmental cost of water supply: For the environmental cost of water production
(resource depletion and environmental degradation), carbon emissions offer the most
complete data currently available. Therefore, this study uses carbon emissions per
unit of water produced to represent the environmental impact, which mainly reflects
the cost of reducing the carbon footprint. In other words, the greater the carbon
emissions per unit of water produced, the higher the environmental cost.

2.1.2. Cost-Effective Optimal Water Supply Portfolio Model

This study refers to [1] to establish a cost-effective water supply portfolio model as
follows: Cost-effectiveness is the ability to achieve environmental or economic goals at the
lowest possible cost.

Min Z =
∫ T

0

(
3
∑

i=1
TCit

)
e−ρtdt (1)

TCit = (Cit + ϕi)×Qit + PAi Ai + PeiEi (∀1 ∼ 3) (2)

Cit =
(

PIit Iit + PFiiFit + Oi
)
/Qit (∀1 ∼ 3) (3)

.
Kit = Iit − δiKit (∀1 ∼ 3) (4)

3

∑
i=1

Qit ≥ Qt (5)

T

∑
t=0

3

∑
i=1

Eit ≤ ET (6)

where TCit is the total water production cost for water supply type i for period t (1 for
surface water, 2 for groundwater, 3 for reclaimed water). Equation (1) is the objective
function reflecting the affordability of the water supply portfolio; Cit is the average unit
cost for water production, which is equal to the sum of the water supply facility investment
costs (PIit Iit), the raw water input costs (PFitFit), and operating costs (Oi) (assumed to be
fixed), divided by the volume of the water produced (Qit); PIit is the unit investment cost,Iit
is the amount of investment in water supply facilities; φit is the intermittent cost of water
supply, reflecting the instability of the water supply. If low rainfall due to climate change
means insufficient surface water/groundwater for use, so additional water resources (such
as transporting water from other regions or short-term emergency increases in water
supply from desalination plants) are needed to meet demand, generating additional costs.
The present study assumes that emerging water resources (such as reclaimed water) are
very stable, so there is no intermittent cost, i.e., ϕ3 = 0. The environmental cost of water
production is represented by the cost (PAi Ait) of carbon dioxide abatement, equivalent to
the product of the abatement price (PAi) and the abatement volume (Ait). The cost of carbon
dioxide emissions (CO2) is equal to the product of carbon price (Pei) and net CO2 emissions
(Eit), reflecting the environmental cost. The present study assumes that the carbon price
(Pei), raw water price (PFi), and abatement price (PAi) are exogenously fixed.

.
Kit is the water

supply capital stock for period tδt is the capital depreciation rate for type i water supply
(assumed to be fixed).

Assuming that the aforementioned water production (Qit), as well as being a function
of raw water input (Fit), is a function of the water supply capital stock (Kit), i.e., Qit(Fit, Kit)
and the quasi-concave function of the capital stock. i.e., ∂Qit/∂Kit ≥ 0 and ∂2Qit/∂K2

it ≤ 0.
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Qt is the planned water demand for each period for the economy and society of central
Taiwan. Equation (5) states the total water production from the three types of water source
in period t should not be less than the water demand in period t in order to meet the water
demand for water in the current period, reflecting the reliability of the water supply system
(or water supply security). ET is the carbon dioxide emissions cap for the water resources
sector up to the target year 2031. Therefore, Equation (6) is a greenhouse gas emission
target for the water resources sector, reflecting environmental friendliness.

2.2. Optimal Portfolio Equation

The model above produces the optimal combination of the three types of water
resources as follows (for detailed derivation, see [1] and Appendix A):

Q1

K1
= v1k1−γ

1 = [(1− α1)(1− µ)]

(
1− γ

γ

)1−γ{ PI1(δ1 − ρ)

PF1 + PA1e01

}1−γ

(7)

Q2

K2
= v2k1−γ

2 = [(1− α2)(1− η)]

(
1− γ

γ

)1−γ{ PI2(δ2 − ρ)

PF2 + PA2e02

}1−γ

(8)

Q3

K3
= v3k1−γ

3 (
1− γ

γ
)1−γ[

PI3(δ3 − ρ)

PF3 + PA3e03
]1−γ (9)

In the present study, Equation (7) to Equation (9) represent the basis for the water
supply portfolio in the target year, which is affected by the technical parameters of water
resources (γ), the decline in the total volume that can be extracted due to the impact of
climate change (αi), ecological base flow ratio (µ), groundwater recharge ratio (η). raw water
input costs (PFi ), net depreciation cost of investment in water supply facilities (PIi(δi − ρ),
emission abatement costs (PAi), and the carbon emission coefficient for raw water (e0i).

2.3. Climate Resilence Water Supply Portfolio Planning for Central Taiwan
2.3.1. Data Collection and Parameter Selection for Each Sub-Area

In order to estimate the optimal water supply portfolio for each area of central Taiwan,
the present study collected the data required by the model and set possible scenarios for
some of the parameters. The technical parameter for water source (γ) was assumed to be
0.5 [1] and the other parameters are described below:

1. Study period

The study period ends in 2031. In order to understand the possible changes in water
resource allocation over time, the years 2021 and 2026 are used as the study years.

2. Water supply targets

The annual water supply capacity in each target year for each area in this study is
shown in Table 1. The public water demand in each target year in Miaoli is 275,000, 281,000,
and 281,000 cubic meters/day, respectively. The public water demand in each target year in
Taichung is 1,501,000, 1,552,000, and 1,572,000 cubic meters/day, respectively. The annual
public water demand in each target year in Nantou is 164,000, 162,000, and 160,000 cubic
meters/day, respectively. The public water demand in each target year in Yunlin and
Changhua is 636,000, 641,000, and 637,000 cubic meters/day, respectively. Setting ratios for
ecological base flow and groundwater recharge:
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Table 1. Public Water Demand in Each Target Year by Area in Central Taiwan.

Area Water Type

2021 2026 2031

Water
Consumption Total Water

Consumption Total Water
Consumption Total

Miaoli
Domestic
water use 12.72

27.50
12.73

28.10
12.66

28.10
Industrial
water use 14.78 15.37 15.44

Taichung Area
Domestic
water use 98.73

150.10
98.43

155.20
98.29

157.20
Industrial
water use 51.37 56.77 58.91

Nantou Area
Domestic
water use 14.25

16.40
13.96

16.20
13.70

16.00
Industrial
water use 2.15 2.24 2.30

Changhua and
Yunlin Area

Domestic
water use 54.06

63.60
53.67

64.10
53.16

63.70
Industrial
water use 9.54 10.43 10.54

Unit: 10,000 cubic meters/day. Source: [27], compiled by this study.

3. Ecological base flow and groundwater recharge ratios

The ratios for the ecological base flow of rivers and groundwater recharge for each
area in central Taiwan are shown in Table 2.

Table 2. Ratios for the Ecological Base Flow of Rivers and Groundwater Recharge by Area in Central Taiwan.

Area Water Resource Ecological Base Flow Ratio Groundwater Recharge
Ratio

Miaoli
Zhonggang River 4.75% -

Houlong River 3.35% -

Groundwater 1 - 0%

Taichung Area
Da’an River 7.33% -

Dajia River 12.39% -

Groundwater 1 - 0%

Nantou Area
Wu River 8.31% -

Groundwater 1 - 0%

Changhua and Yunlin Area

Zhuoshui River 7.62% -

Groundwater 2 -
2021: 43.49%
2026: 86.05%
2031: 86.05%

1 Set to zero because the water intake of groundwater facilities is less than the potential energy of groundwater, and there are no problems
such as excessive intake or subsidence.; 2 Work with the “Specific Solution to Long-term Land Subsidence in Yunlin and Changhua Area”
to reduce water pumping every year in order to achieve the goal of groundwater conservation. Source: [27], compiled by this study.

4. Unit raw water input cost (PFi) and unit net depreciation cost (PIi(δi − ρ))

This study collected and aggregated the unit raw water input cost, unit net depreci-
ation cost, and data sources for water supply facilities in each area, as shown in Table 3.
From the data, the unit cost of raw water is lower for lakes and reservoirs and weirs) and
higher for reclaimed water and desalinated seawater. In addition, the unit cost for surface
water supply facilities such as the Tianhuahu Reservoir and Niaozuitan Artificial Lake is
higher than that of existing surface water facilities.
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Table 3. Raw Water Input and Net Depreciation Cost of Water Supply Facilities by Area in Central Taiwan.

Area Water Supply Facility Unit Raw Water Input
Cost (t/TWD)

Unit Net Depreciation
Cost (t/TWD) Source

Miaoli

Yongheshan Reservoir 8.30 0.0545 [28,29]

Mingde Reservoir 5.89 0.0325 [28,29]

Tianhuahu Reservoir 11.00 0.1001 [28–30]

Groundwater wells 7.95 0.1578 [31,32]

Taichung Area

Liyutan Reservoir 4.64 0.0212 [28,29]

Shigang Dam (Fengyuan
Water Treatment Plant) 3.33 0.0093 [28,29]

Shigang Dam (Joint Water
Source Utilization Project of

Da’an and Dajia Rivers)
7.58 0.0835 [33]

Groundwater wells 7.95 0.1578 [31,32]

Futian Water Resource
Recycling Center 11.40 0.3078 [34]

Nantou Area
Niaozuitan Artificial Lake 12.02 0.1094 [28,35]

Groundwater wells 7.95 0.1578 [31,32]

Changhua and Yunlin Area

Joint Water Source
Utilization Project of Jiji Weir

and Hushan Reservoir
11.60 0.1056 [36–38]

Niaozuitan Artificial Lake 12.02 0.1094 [28,35]

Groundwater wells 7.95 0.1578 [31,32]

Futian Water Resource
Recycling Center 11.40 0.3078 [34]

New water resource Seawater desalination 41.47 0.5305 [28,32]

Compiled by this study.

5. Carbon emission targets, carbon emission coefficient per unit of water produced (e0i),
and carbon abatement cost per unit

Taiwan’s Intended Nationally Determined Contribution (INDC) (Environmental Pro-
tection Agency, 2015) mitigation measures include seven major sectors: energy, industry,
housing, services, transportation, agriculture, and waste. Water resources are not included
and there is no specific emission reduction target. In the present study, the principle of
no increase in future carbon emissions is used as the basis for setting carbon emission
targets for water resources. The study collects relevant reports from previous years and
summarizes the carbon emission coefficient per unit of water produced for water supply
facilities in each area in Table 4. For emissions mitigation, the present study assumes this
is carried out by purchasing carbon rights. The cost per ton of CO2 is set at TWD 150
(approximately EUR 5/ton of CO2e) based on the average carbon price in the European
Union in 2018 and substituted into the optimal supply portfolio model. As can be seen
from Table 4, surface water facilities have the lowest carbon emission coefficient per unit of
water produced, followed by groundwater and reclaimed water, with desalinated seawater
the highest.
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Table 4. Carbon Emissions per cubic meters of Water Produced and Carbon Abatement Cost per ton.

Area Water Supply Facility
Carbon Emissions Coefficient

per Unit of Water Produced
(kgCO2e/Cubic Meters)

Carbon Abatement
Cost per Unit

(TWD/tonCO2e)
Source:

Miaoli Area

Yongheshan Reservoir 0.0050

150

[39]

Mingde Reservoir 0.0352 [39,40]

Tianhuahu Reservoir 0.0651 [40,41]

Groundwater wells 0.2995 [31,32]

Taichung Area

Liyutan Reservoir 0.0029 [39]

Shigang Dam
(Fengyuan Water
Treatment Plant)

0.0024 [39,41]

Shigang Dam (Joint
Water Source

Utilization Project of
Da’an and Dajia Rivers)

0.0240 [33,41]

Groundwater wells 0.2995 [31,32]

Futian Water Resource
Recycling Center 0.9500 [34,39]

Nantou Area Region
Niaozuitan Artificial

Lake 0.0093 [42]

Groundwater wells 0.2995 [31,32]

Changhua and Yunlin Area

Joint Water Source
Utilization Project of Jiji

Weir and Hushan
Reservoir

0.0278 [36,38]

Niaozuitan Artificial
Lake 0.0093 [42]

Groundwater wells 0.2995 [31,32]

Futian Water Resource
Recycling Center 0.9500 [34,39]

New
Water Resource Seawater desalination 2.2860 [28,32]

6. Climate change scenario

The worst-case scenario for the impact of climate change on surface water is shown in
Table 5.

Table 5. Ratio of Reduction in Surface Water in Each Area of Central Taiwan Due to Climate Change.

Target Year
River

2021 2026 2031

Zhonggang River 0.28% 0.56% 0.85%

Houlong River 1.65% 3.30% 4.95%

Da’an River 1.31% 2.61% 3.92%

Dajia River 2.35% 4.70% 7.04%

Wu River 0.86% 1.72% 2.58%

Zhuoshui River 4.00% 8.00% 12.00%

Compiled by this study.
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2.3.2. Results Analysis

With the aforementioned model parameter settings, we can calculate the water supply
portfolio to ensure water security during dry periods when faced with extreme climate for
each area of central Taiwan, as shown in Table 6 below. The study classifies the scenarios for
each area into four types. Wet year without climate change (Scenario 1), dry year without
climate change (Scenario 2), wet year under climate change (Scenario 3), and dry year
under climate change (Scenario 4). However, due to space limitations, only the results of
Scenario 4 are presented. Readers interested in the other three scenarios can obtain them
from the corresponding author. The details are as follows.

Table 6. Water Supply Portfolio for Water Supply Security in Central Taiwan under a Dry Scenario.

Target year 2021 2026 2031

Public water consumption 27.5 28.1 28.1

Auxiliary water −10.0 −10.0 −7.0

Miaoli Area

Water supply ratio

Yongheshan Reservoir 9.7 (55.43%) 9.7 (53.59%) 9.7 (27.64%)

Mingde Reservoir 2.5 (14.29%) 2.5 (13.81%) 2.5 (7.12%)

Tianhuahu Reservoir 0 (0.00%) 0 (0.00%) 19.4 (55.27%)

Groundwater wells 3.5 (20.00%) 3.5 (19.34%) 3.5 (9.97%)

Agricultural water use
efficiency improvement 1.8 (10.29%) 2.4 (13.26%) 0 (0.00%)

Raw water cost per unit (TWD/ton) 8.61 8.83 9.59

Carbon emissions per unit of water
produced(kg/CO2e/m3) 0.0340 0.0329 0.0349

Taichung Area

Water supply ratio

Liyutan Reservoir 62.0 (36.88%) 62.0 (35.80%) 62.0 (37.53%)

Shigang Dam (Fengyuan
Water Treatment Plant) 75.0 (44.62%) 62.55 (38.42%) 73.0 (44.19%)

Shigang Dam (Joint Water
Source Utilization Project of

Da’an and Dajia Rivers)
0 (0.00%) 25.0 (14.43%) 7.45 (4.51%)

Groundwater wells 10.0 (5.95%) 10.0 (5.77%) 10.0 (6.05%)

Futian Water Resource
Recycling Center 0 (0.00%) 9.65 (5.57%) 10.0 (6.05%)

Agricultural water use
efficiency improvement 21.1 (12.55%) 0 (0.00%) 2.75 (1.66%)

Raw water cost per unit (TWD/ton) 5.59 5.13 4.98

Carbon emissions per unit of water produced
(kg/CO2e/m3) 0.0101 0.0378 0.0395

Nantou Area

Water supply ratio
Niaozuitan Artificial Lake 0 (0.00%) 4.0 (24.69%) 4.0 (25.00%)

Groundwater wells 16.4 (100.00%) 12.2 (75.31%) 12.0 (75.00%)

Raw water cost per unit (TWD/ton) 7.95 8.96 8.97

Carbon emissions per unit of water produced
(kg/CO2e/m3) 0.1497 0.1134 0.1129
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Table 6. Cont.

Target year 2021 2026 2031

Yunlin and
Changhua Area

Water supply ratio

Joint Water Source Utilization
Project of Jiji Weir and

Hushan Reservoir
31.49 (57.05%) 37.35 (67.06%) 17.76 (32.12%)

Niaozuitan Artificial Lake 0 (0.00%) 9.0 (16.16%) 21.0 (37.97%)

Groundwater wells 23.71 (42.95%) 6.0 (10.77%) 6.0 (10.85%)

Futian Water Resource
Recycling Center 0 (0.00%) 3.35 (6.01%) 3.0 (5.42%)

Agricultural water use
efficiency improvement 0 (0.00%) 0 (0.00%) 7.54 (13.63%)

Raw water cost per unit (TWD/ton) 10.03 11.26 11.86

Carbon emissions per unit of water produced
(kg/CO2e/m3) 0.0722 0.0548 0.0484

Unit: 10,000 cubic meters/day.

1. Miaoli Area

Due to the sufficient potential of natural water resources in the Miaoli area, the ability
to supply water in dry years is limited only by the ability of facilities to supply water.
Therefore, according to the model, in the target years 2021 and 2026, agricultural water use
efficiency needs to be increased by 18,000 and 24,000 cubic meters/day, respectively. Water
supply ratios for 2021: Yongheshan Reservoir 97,000 cubic meters/day (55.43%), Mingde
Reservoir 25,000 cubic meters/day (14.29%), groundwater wells 35,000 cubic meters/day
(20.00%), agricultural water use efficiency improvement 18,000 cubic meters/day (10.29%),
unit raw water input cost approximately TWD 8.61/cubic meters, carbon emissions per
unit of water produced 0.0340 (kg/CO2e/ cubic meters). Water supply ratios for 2026:
Yongheshan Reservoir 97,000 cubic meters/day (53.59%), Mingde Reservoir 25,000 cubic
meters/day (13.81%), groundwater wells 35,000 cubic meters/day (19.34%), agricultural
water use efficiency improvement 24,000 cubic meters/day (13.63%), unit raw water input
cost approximately TWD 8.83/ cubic meters, carbon emissions per unit of water produced
0.0329 (kg/CO2e/ cubic meters). Water supply ratios for 2031: Yongheshan Reservoir
97,000 cubic meters/day (27.64%), Mingde Reservoir 25,000 cubic meters/day (7.12%),
Tianhuahu Reservoir 194,000 cubic meters/day (55.27%), groundwater wells 35,000 cubic
meters/day (9.97%), unit raw water input cost approximately NT9.59/cubic meters, carbon
emissions per unit of water produced 0.0349 (kg/CO2e/cubic meters). From the difference
before and after the construction of the Tianhuahu Reservoir, we can see that after the
Tianhuahu Reservoir starts supplying water, the costs of water supply rise. In order to
minimize costs while ensuring sufficient supply potential, the other water supply facilities
are used to the upper limit of their capacity, while intake from the Tianhuahu Reservoir is
only 74.6% of capacity.

2. Taichung Area

Due to the influence of climate change in dry years, reduced river runoff means that
industrial water use in 2021 requires an increase in agricultural water use efficiency of
27,500 tons/day. Water supply portfolio in Taichung Area: Liyutan Reservoir 622,000 cubic
meters/day (37.53%), Shigang Dam (Fengyuan Water Treatment Plant) 730,000 cubic
meters/day (44.19%), Shigang Dam (Joint Water Source Utilization Project of Da’an and
Dajia Rivers) 74,500 cubic meters/day (4.51%), groundwater wells 100,000 cubic meters
/day (6.05%), Futian Water Resource Recycling Center 100,000 cubic meters/day (6.05%),
agricultural water use efficiency improvement 27,500 cubic meters/day (1.66%).

In 2021, due to the limited supply capacity of water supply facilities, agricultural
water use efficiency needs to be increased by 21,000 cubic meters/day, making the unit
raw water cost (TWD 5.59/ cubic meters) higher than in other target years. In 2026 and
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2031, the water supply capacity will increase due to the completion of the Shigang Dam
(Joint Water Source Utilization Project of Da’an and Dajia Rivers), reducing the unit raw
water cost (TWD 5.13/cubic meters and TWD 5.23/cubic meters). However, groundwater
wells and the Futian Water Resource Recycling Center are relatively unaffected by climate
change. Therefore, the calculation shows that water is supplied in full. Carbon emissions
increase significantly due to a higher carbon emission coefficient for water produced at the
Futian Water Resource Recycling Center.

3. Nantou Area

The Nantou Area has abundant water resources combined with low demand for public
water. In dry years under climate change, the river runoff is sufficient to meet each type of
water demand. Supply portfolio for 2021: Groundwater wells 164,000 cubic meters/day
(100.00%). Supply portfolio for 2026: Niaozuitan Artificial Lake 40,000 cubic meters/day
(24.69%), groundwater wells 122,000 cubic meters/day (75.31%). Supply portfolio for 2031:
Niaozuitan Artificial Lake 40,000 cubic meters/day (25.00), groundwater wells 120,000
cubic meters/day (75.00%). In the Nantou area, although the Niaozuitan Artificial Lake
is surface water, due to its ample supply potential and low exposure to climate change,
coupled with its low carbon emissions per unit of water produced (low environmental
cost), when calculating the optimal water supply portfolio, it is set to supply water at
full capacity.

4. Yunlin and Changhua Area

Water resources in the Yunlin and Changhua Area are relatively scarce compared to
other areas. Due to ground subsidence caused by the long-term over-extraction of ground-
water, it is necessary to reduce pumping to recharge aquifers. In addition, the Zhuoshui
River is more affected by climate change. Therefore, for dry years under climate change,
industrial water use must rely on improving the efficiency of agricultural water use. In
2021, the water resource supply mix portfolio is as follows: Joint Water Source Utilization
Project of Jiji Weir and Hushan Reservoir 314,900 cubic meters/day (57.05%), groundwater
wells 237,100 cubic meters/day (42.95%). In 2026, due to the start of the first stage of water
supply from the Niaozuitan Artificial Lake (90,000 cubic meters/day), the water supply
portfolio is: Joint Water Source Utilization Project of Jiji Weir and Hushan Reservoir 373,500
cubic meters/day (67.06%), Niaozuitan Artificial Lake 90,000 cubic meters/day (16.16%),
groundwater wells 60,000 cubic meters/day (10.77%), Futian Water Resource Recycling
Center 33,500 cubic meters/day (6.01%). In 2031, the water supply portfolio is: Joint Water
Source Utilization Project of Jiji Weir and Hushan Reservoir 177,600 cubic meters/day
(32.12%), Niaozuitan Artificial Lake 210,000 cubic meters/day (37.97%), groundwater wells
60,000 cubic meters/day (10.85%), Futian Water Resource Recycling Center 30,000 cubic me-
ters/day (5.42%), agricultural water use efficiency improvement 75,400 cubic meters/day
(13.63%).

2.4. Discussions

From the above analysis, it can be seen that the water supply and demand varies
considerably between different areas. The problems faced in the Taichung area and the
Yunlin and Changhua are very different. The Taichung area is experiencing an increase
in water demand, while the Yunlin and Changhua area suffers from a lack of water
resources potential. Therefore, the planning of solutions requires a detailed comparison
and evaluation. The main points of the assessment for different areas provided by the
model proposed in this study are as follows:

1. The model can be applied to water supply planning in different areas to calculate the
optimal supply portfolio according to the characteristics of each area. Therefore, in
order to discuss individual cases (such as the use of the Jiji Weir), detailed information
on the supply and demand situation in the area and the setting of the scenario to be
evaluated can be substituted into the model for analysis.



Water 2021, 13, 567 12 of 21

2. If there is a greater diversity of water supplies in an area, there will be more feasible
water supply portfolios, indicating that the water supply in the area has greater
climate resilience.

3. In the case of sufficient water supply potential, the model tends to deploy more low
cost, low environmental impact (carbon footprint) water sources.

4. After setting the groundwater recharge ratio, if other water sources still have supply
capacity, the model tends to reduce supply from groundwater.

5. The model can calculate the unit cost of water production according to the supply
ratio of each water source. This can then be compared with the losses caused by the
transfer of agricultural water as a basis for planning.

6. The model can calculate the environmental cost of each type of water supply. At
present, the study uses carbon emissions as a proxy for environmental cost. In the
future, if there are other quantifiable environmental costs (depletion of resources or
impairment of environmental quality) associated with the use of water resources, they
can also be included in the model.

3. Evaluation the Value of the Water Supply Security Policy for the Industrial Sector
3.1. Empirical the Shadow Value of Water Resources

The methodology for assessing the shadow price of water resources will vary with the
study’s subject matter, and have different economic meanings and assessment methods, for
example: (1) Private water extraction (e.g., groundwater and river diversion), measured in
terms of marginal user costs; (2) Paid water supply (e.g., tap water) is measured in terms of
net marginal benefit (or value). Since this study is based on paid water supply, net marginal
benefit is used to measure the shadow price of water in the industrial sector.

3.1.1. Date Collection

This study is based on data from 27 major industries (2 digits) and 837 specific sectors
(4 digits) in the Factory Operation Census Report of the Ministry of Economic Affairs (2013),
including 315,835 data points from firms over four years (2009, 2010, 2012, and 2013), to
conduct a shadow price assessment for industrial water use. The regression analysis in the
present study is limited to specific sectors (4 digits). Therefore, the present study compiled
data for 837 specific sectors, including operating revenue (TWD, 1000 s), employee salaries
(TWD, 1000 s), consumption of raw materials (TWD, 1000 s), electricity consumption (TWD,
1000 s), water consumption (cubic meters, 1000 s), outsourcing expenditure (TWD, 1000 s),
depreciation and indirect taxes (TWD, 1000 s), and operating expenses (TWD, 1000 s). The
analysis of the basic data is summarized in Table 7.



Water 2021, 13, 567 13 of 21

Table 7. Basic Sample Data.

Variable Mean Standard Deviation Maximum Value Minimum Value Sample Size

Operating revenue
(TWD, 1000 s) 75,484,940 165,361,564 1,528,114,091 189,890 837

Employee salaries
(TWD, 1000 s) 6,757,311 12,537,077 144,986,247 24,192 837

Consumption of
raw materials
(TWD, 1000 s)

46,743,297 113,835,600 1,397,979,509 104,749 837

Electricity
consumption
(TWD, 1000 s)

1,349,775 3,264,405 33,118,801 1255 837

Water
consumption

(cubic meters, 1000
s)

6834.3 21,771.8 222,361.7 6.1 837

Outsourcing
expenditure (TWD,

1000 s),
2,790,517 10,846,934 168,487,386 0 837

Depreciation and
indirect taxes
(TWD, 1000 s)

13,862,444 38,299,472 428,513,664 25,925 837

Operating
expenses (TWD,

1000 s)
71,571,688 156,830,784 1,497,348,717 196,871 837

Note 1: Consumption of raw materials includes the consumption of raw materials, materials, material costs, and fuel costs.; Note 2:
Depreciation and indirect taxes include depreciation, depletion and amortization, indirect taxes, and other operating expenses. Source:
Compiled from [43].

3.1.2. Regression Model

The present study assesses the marginal benefits and marginal costs of industrial
water use. Therefore, the present study chooses two methods for analysis: ordinary least
squares (OLS), and quantile regression analysis. The quantile regression method was first
proposed by [44] and later developed by [17,45], and others, improving the theoretical
basis of quantile regression estimation. Since the former represents the overall industry
assessment results and the latter can represent the assessment results for specific sectors, the
two assessment methods are complementary and can be used to complete the assessment
results for the present study.

3.1.3. Empirical Analysis of the Shadow Price of Industrial Water Use

Based on the previous literature, this study uses the net marginal benefit of water
use as the shadow value of industrial water use, calculated according to the following
equation.

ln Y = a0 + b1 ln X1 + b2 ln X2 + b3 ln X3 + e (10)

where Y is total revenue (or output value) (TWD, 1000 s); X1 is employee salaries (TWD,
1000 s); X2 is the consumption of raw materials (TWD, 1000 s), including consumption of
raw materials, materials, material costs, and fuel costs; X3 is water consumption (cubic
meters, 1000 s); e is a residual term; bi(i = 1, 2, 3) is an estimated parameter. Since all
variables are logarithmic, the estimated parameters are elasticity. Elasticity is the percentage
change in the dependent variable caused by a 1% change in an independent variable. For
example, b3 is the operating cost elasticity of water consumption, meaning that a 1%
increase in water consumption would result in a b3% increase in total operating revenue.
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The regression results are summarized in Table 8. Table 8 shows that the OLS R2 of
0.993 is very high. In addition, all of the regression coefficients show a significance level of
1%. Of these, the operating revenue elasticity of water consumption b3 is 0.046, indicating
that if water consumption increases by 1%, a firm’s operating revenue will increase by
0.046%. The regression coefficient for water consumption is significant at 1% for all deciles,
and the higher the decile, the high the regression coefficient for water consumption.

Table 8. Regression Results for Operating Revenue.

Estimated
Parameters 25% 50% 75% 90% OLS

b0
0.826 ***
(19.632)

0.972 ***
(19.260)

1.099 ***
(14.256)

1.426 ***
(11.164)

1.122 ***
(18.675)

b1
0.196 ***
(23.094)

0.202 ***
(25.319)

0.205 ***
(29.712)

0.215 ***
(20.823)

0.222 ***
(29.787)

b2
0.792 ***
(90.385)

0.772 ***
(92.048)

0.763 ***
(128.122)

0.722 ***
(81.975)

0.739 ***
(104.665)

b3
0.019 ***
(4.591)

0.033 ***
(5.881)

0.036 ***
(6.105)

0.067 ***
(5.893)

0.046 ***
(8.228)

R2 0.947 0.936 0.928 0.894 0.993

Note 1: The t-value of the elasticity coefficient is shown in parentheses.; Note 2: * Significant at 10%;
** Significant at 5%; *** Significant at 1%. Compiled by this study.

Based on the revenue elasticity of water consumption of 0.046, substituting the average
total operating revenue for the industry of TWD 75,484,940,000 and the average total water
cost of industry of TWD 68,343,000, obtaining the marginal revenue of industrial water
use of TWD 50.18/cubic meters. Since the price of tap water is TWD 10/cubic meters, the
shadow price for industrial water is TWD 40.18/cubic meters (TWD 50.18/cubic meters
–TWD 10/cubic meters). With revenue elasticity of 0.019 for companies with revenue at
the 25% revenue interval, substituting the average total operating revenue for the industry
of TWD 75,484,940,000 and the average total water cost of industry of TWD 68,343,000,
obtaining the marginal revenue of industrial water use of TWD 21.0, and the shadow price
of industrial water TWD 11/cubic meters (TWD 21/cubic meters–TWD 10/cubic meters).
With revenue elasticity of 0.067 for companies with revenue at the 90% revenue interval,
substituting the average total operating revenue for the industry of TWD 75,484,940,000
and the average total water cost of industry of TWD 68,343,000, obtaining the marginal
revenue of industrial water use of TWD 74.0, and the shadow price of industrial water
TWD 64/cubic meters (TWD 74/cubic meters–TWD 10/cubic meters).

3.2. Assessing the Value of the Government’s Water Supply Security Policy

This section further discusses the losses from water shortages and assesses the losses
caused to industry in the Taichung area in the context of climate change as an example.
This serves as a basis for assessing the value of the government’s stable water supply
policy (such as proposals for water supply facilities and agricultural water transfer and
compensation). The relevant content is described as follows:

1. Losses from Water Shortages

The value of water shortage losses is the economic and social deadweight loss caused
by water shortage. Deadweight loss refers to the reduction in social welfare caused by
water shortage, measured by the consumer’s surplus and the producer’s surplus, and is
determined as the product of the amount of the water shortage and the net value of the
resource (the difference between the shadow price of the water resource and the price of
tap water). The shadow price of water represents the price a water user is willing to pay,
less the cost of water, representing the net value to the water user.
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2. Analysis of Water Shortage in the Taichung Area

Based on the previous analysis, the water supply under climate change in Taichung
between 2021 and 2031 is shown in Table 9 of this study. The content of Table 9 is as follows:
Assuming the worst-case scenario, industrial water use in the Taichung area grows rapidly.
This study measures the water demand of the industrial sector in a high growth scenario
(worst-case scenario). Water consumption will increase from 548,500 cubic meters/day in
2021 to 751,800 cubic meters/day in 2031: a growth rate of 37.1%. During the same period,
the Futian Water Resource Recycling Center will be completed on schedule in 2023.with
an initial water supply capacity was 61,000 cubic meters/day, which can be increased to
100,000 cubic meters/day by the year 2031. In addition, after deducting domestic water
demand from water supply capacity in the Taichung area, the amount of water available
for industrial use increases from 302,700 cubic meters/day in 2021 to 416,600 tons/day
in 2021.

Table 9. Estimate of Shortage in Industrial Water in Taichung under Climate Change.

Target Year 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031

Industrial water demand
(High growth) 54.85 56.88 58.92 60.95 62.99 65.02 67.05 69.08 71.12 73.15 75.18

Futian Water Resource
Recycling Center

Water supply capacity
0.00 0.00 6.10 6.10 6.10 9.65 9.65 9.65 9.65 9.65 10.00

Public water facilities
Water supply capacity

(Deduct domestic water
demand)

30.27 30.33 30.39 30.45 30.51 55.57 55.60 54.03 51.41 48.79 46.16 Total

Industrial water shortage (24.58) (26.55) (22.43) (24.40) (26.38) 0.20 (1.80) (5.40) (10.06) (14.71) (19.02) (175.13)

Unit: 10,000 cubic meters/day; Note: Figures in parentheses indicate water shortage. Source: [27], Compiled by this study.

Based on the above, under the impact of climate change, it is estimated that the
shortage of water for industrial use in the Taichung area will increase to 175,300 cubic
meters/day between 2021 and 2031.

3. Industrial Water Shortage Losses and Policy Value Assessment for Taichung Area

(1) Scenario construction
The scenarios for this study are detailed in Table 10. There are two different scenarios.

Table 10. Scenario Settings.

Scenario Content

Scenario 1: Base scenario
1. Probability of water shortage risk in a dry year: 100% (worst-case scenario)
2. Already planned water supply facilities (Futian Water Resource Recycling

Center and other public water supply facilities projects etc.)

Scenario 2: No Water Shortage Scenario 1. Probability of water shortage risk in a dry year: 100% (worst-case scenario)
2. No water shortage: transfer of water from agriculture

Shadow price 1. TWD 64/cubic meters (high scenario)
2. TWD 40.18/cubic meters (medium scenario)

• Scenario 1:

As the baseline scenario, i.e., the water shortage scenario, assuming (1) probability of
water shortage risk in a dry year: 100% (worst-case scenario); (2) already planned water
supply facilities (Futian Water Resource Recycling Center and other public water supply
facilities projects, etc.).
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• Scenario 2:

No water shortage scenario, assuming (1) probability of water shortage risk in a dry
year in a dry year: 100% (worst case scenario) and (2) transfer of water from agriculture.

The shadow price was assessed at TWD 64/cubic meters (high scenario) and TWD
40.18/cubic meters (medium scenario).

(2) Assessment of losses from water shortages. This study assumes zero elasticity of
demand for water, i.e., the demand curve is vertical, and also assumes a fixed shadow price.

I. Shadow price TWD 40.18 /cubic meters (medium scenario)

The cumulative value of losses from water shortages between 2021 and 2031 is as follows:
1.7513 million cubic meters/day x 365 days x TWD 40.18/ cubic meters = TWD

25.684 billion. It is not easy to estimate the number of days of water shortage. Therefore,
to simplify the analysis, water shortage was estimated on an annual basis, which is a
limitation of this study.

II. Shadow price TWD 64/cubic meters (high scenario)

The cumulative value of losses from water shortages between 2021 and 2031 is as follows:
1.7513 million cubic meters/day× 365 days× TWD 64/cubic meters = TWD 40.91 billion

III. Assessing the Value of the Water Supply Security Policy

Assuming the government transfer about 1.7513 million cubic meters/day of water
for agricultural use (2021–2031), and assuming that the shadow price of agricultural water
is TWD 15.3/cubic meters (the highest price in the literature), the cumulative cost of
transferring water for agricultural use (2021–2031) is TWD 9.78 billion.

Deducting TWD 9.78 billion from the previous value of losses due to water shortages,
the cumulative value (2021–2031) of the water resources policy to transfer agricultural
water to achieve water supply security is about TWD 15.904 billion (shadow price of TWD
40.18/cubic meters)–TWD 31.13 billion (shadow price of TWD 64/cubic meters).

4. Conclusions

The present study refers to the multi-criteria (including water supply security) water
supply portfolio model developed by [1], using water resources data and proposals for
water supply facilities from central Taiwan, and a worst-case scenario under extreme
climate (dry scenario) to evaluate and plan a feasible water supply portfolio for central
Taiwan. The study found that under the climate change scenario, the Miaoli and Nantou
areas are relatively free of water supply problems in 2031. Due to its diverse water supply
resources, the Taichung area has greater flexibility. Due to the severe impact of climate
change and restrictions on groundwater extraction, the water supply situation in the Yunlin
and Changhua area is fragile. The results of the present study have important policy
implications, which is one of the main contributions of the study.

The present study first uses industrial water as an example to assess the shadow price
of water resources and assess the cost of water shortage during dry periods under climate
change in central Taiwan as a basis for assessing the value of the water supply security
policy and a reference for water supply portfolio planning. The finding of the average
marginal benefits of industrial water use is about TWD 50.18/ton (including the benefits
of government water supply facilities), which is much higher than the price of tap water.
This provides a theoretical basis for the government to consider increasing the price of
tap water. The cumulative value (2021–2031) of the water resources policy to reallocate
agricultural water to achieve water supply security is approximately TWD 15.904–31.130
billion. The shadow price of industrial water is about TWD 40.18/cubic meters. The
shadow price of agricultural water is about TWD 15.3/cubic meters. Therefore, the price
for agricultural water reallocation of between TWD 15.3/cubic meters and TWD 40.18/
cubic meters represents a rational policy. This study provides the theoretical basis for the
rationality of the government’s current agricultural water transfer compensation policy,
which is the second major contribution of this study.
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Demand-side management is another important issue in water supply security. This
study considers the government’s target of achieving a water supply of 20 billion cubic
meters by 2031 and attaining water supply security across all periods but has not considered
demand-side management. In the future, water conservation requirements can be planned
for each period on the basis of a “supply determined model”. For example, the water
conservation can be assigned as variables which describe the amount of water that can
be saved and the related cost of water conservation measures. The results can be used to
determine the intensity of measures by policy-makers.

The study uses central Taiwan as an example to assess the value of water supply
security policy. The same method can also be applied to other regions. The present study
assesses the shadow value of industrial water use using marginal benefits. However, there
are many ways to measure shadow value. This is one of the limitations of the study.

Author Contributions: Conceptualization, Y.-C.H.; Methodology, C.-M.L.; Software, Y.-C.H. and
C.-M.L.; Validation, C.-M.L. and Y.-R.H.; Formal analysis, Y.-C.H.; Investigation, Y.-C.H. and Y.-R.H.;
Resources, Y.-C.H.; Data curation, Y.-C.H.; Writing—original draft preparation, Y.-C.H.; Writing—
review and editing, C.-M.L. and Y.-R.H.; Visualization, Y.-C.H. and Y.-R.H.; Supervision, C.-M.L.;
Project administration, C.-M.L.; Funding acquisition, Y.-C.H. and C.-M.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was partially funded by Water Resource Agency, Ministry of Economic
Affairs, Taiwan and the grant number is MOST107-3113-F-042A-001.

Institutional Review Board Statement: The study was conducted according to the guidelines.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

The current Hamiltonian and Lagrangian functions for the optimal control problem
are shown in Equations (A1) and (A2): (subscript t is omitted).

Hc =
3

∑
i=1

TCi −
3

∑
i=1

mi(Ii − δiKi) (A1)

Lc = Hc − θ1(
3

∑
i=1

Qi −Q)− θ2(ET −
T

∑
t=0

3

∑
i=1

Eit)− θ3(QT −
3

∑
i=1

QiT) (A2)

where mi is the co-state variable for water resources capital, or shadow price, and n is the
covariate of abatement capital. θ1 ∼ θ3 are the Lagrangian multipliers for water security,
carbon dioxide emission targets, and total water supply limits, respectively. Assuming
Ii > 0, the maximization condition is as follows (∀i = 1 ∼ 3):

∂Lc

∂Ic
= 0⇒ PIi = mi (A3)

∂Lc
∂Fi

= 0⇒ PFi + φi
∂Qi
∂Fi

+ Peie0i − θi
∂Qi
∂Fi

+ θ2
T
∑

t=0
e0i = 0

⇒ ∂Qi
∂Fi

=
PFi+Peie0i−θ2

T
∑

t=0
e0i

θi−φi

(A4)

∂Lc
∂Ai

= 0⇒ PAi − Pei + θ2
T
∑

t=0
(−1) = 0

⇒ PAi = Pei + θ2T
(A5)
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.
mi = − ∂Lc

∂Ki
+ ρmi = −φi

∂Qi
∂Ki
− δmi + θi

∂Qi
∂Ki

+ ρmi

= (θi − φi)
∂Qi
∂Ki
− (δi − ρ)mi

(A6)

θ1
∂Lc

∂θ1
= 0⇒ θ1(

3

∑
i=1

Qi −Q) = 0 (A7)

θ2
∂Lc

∂θ2
= 0⇒ θ2(ET −

T

∑
t=0

3

∑
i=1

Eit) = 0 (A8)

θ3
∂Lc

∂θ3
= 0⇒ θ3(QT

3

∑
i=1

QiT) = 0 (A9)

Equations (A3)–(A5) are the optimal investment in water resources, raw water input,
and emissions abatement, respectively. Equations (A7)–(A9) represent water resources
security, carbon abatement targets, and final water production targets, respectively.

Assuming the economy is in a steady state (
.

mi = 0), then Equation (A6) can be
adjusted as follows:

∂Qi
∂Ki

=
(δi − ρ)mi

θi − φi
(A10)

Substituting Equation (A3) into Equation (A10) yields:

∂Qi
∂Ki

=
PIi(δi − ρ)

θi − φi
(A11)

The economic meaning of the above equation is as follows: The optimal level of
investment in water resources is determined as where the marginal output (∂Qi/∂Ki)
equals the marginal real cost of investment, where PIi(δi − ρ) is the net depreciation cost of
investment in water supply facilities, equal to the depreciation costs (PIiδi) minus interest
costs (PIiρ); (θ1 − φi) is a deflator that converts nominal costs into real costs.

Equation (A5) shows that the optimal level of abatement is determined as where the
marginal cost of abatement (PAi) () equals the marginal benefit of abatement (Pei + θ2T).
The marginal benefit of abatement includes emissions cost savings (Pei) and the value of
obtaining the abatement target (θ2T). Given that this study assumes e0i is fixed, θ2∑T

t=0 e0i =
Tθ2e0i. From Equation (A6), we find θ2 = (PAi− Pei)/T, producing the equation for optimal
fuel level when substituted into (A5):

∂Qi
∂Fi

=
PFi + PAie0i

θi − φi
(A12)

The economic meaning of (A12) is as follows: The optimal raw water input level
for water production technology consistent with sustainable water resources is deter-
mined as where marginal production (∂Qi/∂Fi) equals the actual raw water input cost
((PFi + PAie0i)/(θi− φi)). Where, the actual raw water input cost includes raw water input
cost (PFi) and carbon dioxide emission cost (PAie0i); (θi − φi) is a deflator that converts
nominal costs into real costs. From Equation (A12), abatement activities will consider the
price of carbon. The optimal amount of raw water input is affected by the carbon emission
factor, which is in turn affected by the carbon price (Pei).

In order to further explore the water supply ratio, the present study assumed that
the water supply amount (Qit) is a Cobb–Douglas (C–D) function, with a constant return
to scale (CRS), i.e.,Qit = vitK

γ
itF

1−γ
it , where, γ is a fixed parameter, and 0 ≤ γ ≤ 1, vit

is the water production capacity factor (Note 8). For surface water production capacity
factor (vit), this study uses the proportion of rainfall that cannot be converted into usable
water resources (α1t), such as evapotranspiration and infiltration. The impacts of climate
change (decreased rainfall or more concentrated rainfall) are represented by factors such
as the ratio (β1) of surface water that can be collected and the ratio (µ) of ecological base
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flow, reflecting that water production is affected by hydrological conditions and climate
change. For groundwater production capacity factor (v2t), this study uses the proportion of
total infiltration that cannot be converted into usable groundwater resources (α2t), such as
boundary outflow. The impacts of climate change (decreased rainfall or more concentrated
rainfall) are reflected in the lower proportion of groundwater that is retained (β2) and the
groundwater recharge ratio (η), reflecting that water production is affected by hydrological
conditions and climate change. In addition, because the water production capacity of
seawater desalination facilities is hardly affected by changes in hydrological conditions, the
present study assumes that its water production capacity factor is independent of rainfall
variation and climate change, i.e., v3t = 1.

The present study divides Equation (A11) by Equation (A12), producing the optimal
water resources capital and amount of raw water decision-making equation (subscript t is
omitted).

∂Qi/∂Ki
∂Qi/∂Fi

=
γ

1− γ

Fi
Ki

= MRTSi = MCi =
PIi(δi − ρ)

PFi + PAie0i
(A13)

Where MRTSi is the marginal rate of technology substitution for water supply technol-
ogy i; MCi is the relative raw water cost and real capital cost for water resource technology
i Equation (A13) is optimal decision-making for production factors in classical microeco-
nomics. When ki = Fi/Ki, then, based on the C-D production function, the supply capacity
function for each water supply facility can be obtained as follows.

Q1

K1
= v1k1−γ

1 = (1− α1)(1− β1)(1− µ)(
1− γ

γ
)

1−γ

(
PI1(δ1 − ρ)

PF1 + PA1e01
)

1−γ

(A14)

Q2

K2
= v2k1−γ

2 = (1− α2)(1− β2)(1− η)(
1− γ

γ
)

1−γ

(
PI2(δ2 − ρ)

PF2 + PA2e02
)

1−γ

(A15)

Q3

K3
= v3k1−γ

3 = (
1− γ

γ
)

1−γ

(
PI3(δ3 − ρ)

PF3 + PA3e03
)

1−γ

(A16)

Through Equation (A14) to (A16), we can estimate the optimal water production and
allocation of each water resource. From observation of the above equations, we find that
the production capacity function of each water supply facility is affected by the technical
parameters of water resources (γ), net depreciation cost of investment in water supply
facilities (PIi(δi − ρ)), raw water input costs (PFi), emission abatement costs (PAi), the
carbon emission coefficient for raw water (e0i), the ratio that cannot be converted into
usable water resources (αi), the decline in the total volume that can be extracted due to the
impact of climate change (βi), the ecological base flow ratio (µ), and the ratio of safe yield
of groundwater (η).
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