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Abstract: In recent centuries, water consumption rates have more than doubled and the population
growth rate is rising constantly. As a result, water scarcity is now one of the main problems to be faced,
mainly in semiarid regions. In light of such a dilemma, this study aims to develop a system dynamics
model in order to evaluate the water system in the semiarid region of the state of Paraíba—located in
the Brazilian Northeast—and it focus on the following two issues: (1) measures that could have been
taken with respect to the recent water crisis (2012–2017); (2) simulating water availability up to 2025.
It was observed that, despite the options of in-demand management tools being efficient solutions
for water scarcity in the short term (e.g., the influence of scarcity-based tariffs in reducing water
use), such tools would not suffice in a context of severe drought within a water-providing system
that depends heavily on rainfall. However, certain policies involving water-supply management
(e.g., wastewater reuse and inter-basin water transfer) are very effective in maintaining water supply
and avoiding a water collapse in the region. Furthermore, employing the Monte Carlo approach in
simulating the system dynamic proved that the water supply is sensitive to scarcity-based tariffs,
wastewater reuse, and inter-basin water transfer. An important advancement in this study was the
simulation of a methodology for pricing that encourages rational use of water-based on its scarcity,
which in turn increases revenue and investment in other water-management strategies.

Keywords: semi-arid region; water shortage; water demand management; water supply management;
scarcity-based tariff modelling; system dynamics; Monte Carlo simulation

1. Introduction

The security of potable water is a growing concern, since population growth, climate change,
rapid urbanization, and increasing demands for water due to the upturn of economic growth place
considerable pressure on available water resources [1]. According to WHO/UNICEF [2], more than
2.1 billion individuals do not have secure access to services providing potable water. Although water’s
domestic use is not a crucial part of water consumption in the world today, it plays an essential role in
everyday life and is directly linked to social well-being and public health issues. Therefore, the efficient
use of domestic, limited water resources is one of the key concerns in water management.

In general, there are two distinct types of policies that water-management companies and their
officials can adopt: managing water demand (such as water restriction or prices) and increasing
water supply (desalination, recycling rainwater, and inter-basin water transfer). These two policies
are interconnected, as more effective demand management (e.g., optimized water prices) can lead to
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less urgency by increasing the water supply [3]. In other words, in order to ensure water security in
the long term, water concessionaires need to diversify their investments in supplying water while
simultaneously improving the efficiency of water usage through implementing a range of strategies to
manage demand [4].

In the semiarid region of the state of Paraíba, in the Brazilian Northeast, urban water supply
systems are fueled almost entirely by surface reservoirs. In this way, supplying water depends
exclusively on repositioning water stocks from the surface reservoirs during the brief rainy season,
which lasts between two and four months, annually. The consequence of this type of management
logic results in increasingly severe droughts. For example, the most recent drought (2012–2017) was
the worst water crisis in the history of Paraíba’s semiarid region.

However, when droughts occur, the standard procedure has been a series of water restrictions,
which have become even worse. In the midst of the crisis, the water restriction policies adopted by
CAGEPA (Companhia de Água e Esgoto da Paraíba—the water and sewage company of Paraíba)
included temporary suspension in withdrawing water for industries and irrigation purposes to even
suspension policies in human supply, which climaxed at 112 h per week without water supply at the
crisis peak point in 2017 [5]. According to Grafton and Ward [6], and Bakker et al. [7], these water
rationing policies, including mandatory restrictions on water use, are proven to be inferior with
respect to economic and social equity. Most of these policies without “prices” impose additional costs.
For families, such costs can be concealed, for example, purchasing new devices and/or additional
household deposits. The same applies to sanitation companies, with costs related to the monitoring
and execution of services [8].

In light of the discussion above, exploring efficient alternatives for policies in water management
(including strategies in water supply and demand management) has almost become a consensus among
water-management officials—principally in semiarid regions where drought periods are recurrent [9].
On the other hand, the highly dynamic complexity present in these policies, when applied in urban
water systems, presents great difficulties in achieving efficient urban water management. Such is a
particular result of our inability to see the multiple causalities removed by time or distance. Moreover,
Proust and Newell [10] reiterate that, in order to optimally manage a water system and evaluate its
resilience and sustainability considering possible changes in weather, population, and standards of
consumption throughout time, these systemic changes must be taken into consideration.

In this context, this study aims to develop a system dynamics (SD) model to evaluate the
water system in Paraíba’s semiarid region and address the following two issues: (1) measures that
could have been taken with respect to the recent water crisis (2012–2017); and (2) simulating water
availability up to 2025. The developed model considers variability in demand and water supply
under a variety of scenarios, taking into account population growth, strategies in managing demand
(conservation and water pricing), and supply options (wastewater reuse and inter-basin water transfer).
The nexus between fluctuations in water demand, water supply, water tariffs (i.e., prices) and revenue
is highly complex and established by multiple interconnected factors. Thus, the system dynamics (SD)
approach can be useful to evaluate this relationship, given its ability to explain the feedback and its
nonlinear connections.

An important contribution of this study is the discussion and improvement, through a real
case, of approaches to model urban water balances that incorporate economic feedback through new
water-pricing methodologies, which in turn, can increase revenue and investment in other alternatives
of water-management instruments (see 2.2 for further elaboration). Included in this study are data on
water-supply sources, water-demand sources, tariff values, revenue, water loss, and wastewater reuse.
This paper defines a case study, describes the SD Model for urban-water management, discusses the
model results, and presents the findings.
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2. Materials and Methods

2.1. Case Study

The Epitácio Pessoa Reservoir (Figure 1), which has a considerable storage capacity of 411 MCM
(million cubic meters) [11], currently supplies water to the city of Campina Grande and 18 other small
municipalities located across the semiarid region of Paraíba. The population of the region under study
consists of approximately 650,000 people with a current and future growth rate of 1%, which was taken
into consideration [12].
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The cities receiving their water supply from this reservoir face an array of challenges, occurring
principally due to hydroclimatic aspects in the Paraíba River region—the main source of the reservoir
(Table 1) [13,14]—as well as factors linked to municipal water management (e.g., the high rate of 33%
water loss) [15]. The water loss considered in this study was a result of real losses (leaks in pipes) and
apparent losses (theft, and hydrometers with calibration problems). Another worrying factor was the
high average of water consumption that corresponded to approximately 222 L/p/d (liters per person
per day) (131 domestic + 91 industrial/other) [16,17], although this index was considerably lower than
most industrialized countries [18].

Table 1. Aspects of the Paraíba River region.

Aspects Values

Drainage area (km2) 6727.69
Precipitation (mm/year) 600

Period of precipitation concentration (month) 4 (February–May)
Minimum Temperature (◦C) 18–22
Maximum Temperature (◦C) 28–31

Evaporation (mm/year) 2000–2500

Information concerning inflow and evaporation flux of the Epitácio Pessoa Reservoir,
which complements the water balance needed to realize the simulations in this study, was acquired
from Nunes et al. [14]. Therefore, for inflow, a series of discharges between 2004 and 2015 was
employed based on daily volume measurements (Figure 2).
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Figure 2. Historical series of inflow discharge to the Epitácio Pessoa Reservoir (2004–2015).

With respect to evaporation, measurement of evaporated water sheets in the Epitácio Pessoa
Reservoir was non-existent. For this very reason, the mean data of monthly evaporation in a Class
A evaporimetric tank were used, collected in the basin at São João do Cariri School from the Federal
University of Campina Grande (UFCG). The series was considered representative due to its proximity
to the reservoir, similar weather characteristics, vegetation, and terrain. Coefficients (Kp) calculated by
Nunes et al. [14] were used to correct the measured values in the Class A tank. In the Epiácio Pessoa
Reservoir, coefficients other than the commonly employed value of 0.7 were used seasonally, given
that each season of the year brings its own climatic conditions, radiation, humidity, wind, and air
temperature, among other attributes associated to the exclusive climate of each locality. The monthly
averages of evaporated water sheets used in the simulations can be observed in Figure 3.
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Figure 3. Average monthly evaporation.

Between 2012 and 2017, the Epitácio Pessoa Reservoir faced its worst water crisis since its
construction, with recorded rainfall volumes below the historical average. In April 2017, the reservoir
reached its lowest stored level of only 14.79 MCM of water, equivalent to 3.2% of its total inventory
capacity. In the midst of this catastrophe, the reservoir received potable water on an emergency and
provisional basis from the São Francisco River Integration Project (PISF), and is ensuring water supply
in the region to the present day—despite low levels of water stocks that are already worrying reservoir
managers caused by the routine suspension of water transfers as a result of canal maintenance.
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The Epitácio Pessoa Reservoir provides water for multiple uses (urban, agricultural and industrial
consumption); however, for the purposes of this research, the scarcity price adjustment proposal was
restricted only to domestic use. Table 2 presents an example of CAGEPA’s price policy for residential
consumption based on increasing block tariffs (IBT) model in 2017.

Table 2. Water prices for residential consumption in Campina Grande (2017).

Monthly Consumption Blocks Tariff (US$)

Minimum Tariff—Consumption ≤ 10 m3 11.16
Between 11 and 20 m3 1.44
Between 21 and 30 m3 1.90

Greater than 30 m3 2.57

The first block (consumption ≤ 10 m3) of this tariff had two objectives: to achieve equity in
access to water and to establish a minimum price that corresponded to the economic and financial
sustainability of the provider responsible for the water service. If the residence exceeded 10 m3 of
water consumption, for example, 12 m3, the tariff calculation was (11.16 + 2 × 1.44). This same logic
applied to other consumption blocks. Figure 4 shows the distribution of households per block of water
tariff. It is verified that 57.9% of the households were in the consumption block of 0 to 10 m3 and 31.6%
in the block between 10 and 20 m3, which made up a total of 89.5% of the households only in these first
two blocks [19].
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It ought to be reiterated that the adjustment model proposed in this study was not considered for
the minimum consumption tariff of up to 10 m3 since this tariff played a role of equity in accessing
water. In this way, the adjustment applied to subsequent consumption bands, penalized larger water
consumers. The value of the tariff used in the model was the result of an average value of all the bands
above the minimum tariff, collected from the SNIS website [15].

2.2. Scarcity-Based Tariff

In most countries water is considered an abundant good, however, with the impacts of climate
change, rapid urbanization, and consequently increasing demands at a low price, water’s categorization
has gone from “free good” to “scarce good”. This problem is aggravated by multiple types of
users (population, animal, irrigation, industries, fishing, etc.) with conflicting interests [5]. In this
context, the importance of employing economic instruments—specifically tariffs—was incorporated,
which aimed to signal the scarcity of water resources by allocating a price so as to induce rational
use [20,21]. Thus, the water tariff took several different forms [22].
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In this study, a model of price adjustment known as “scarcity-based tariff” (SBT) was presented.
This price was based on water supply systems that depend on natural resources influenced by the
climate [23]. When water becomes scarce, its marginal value grows and the scarcity price aims to reflect
this. From an economic point of view, as the supply of water becomes abundant, this value drops to
almost zero, and the price of water paid by families only reflects treatment and delivery expenses [24].

In the context of regions suffering from constant periods of water stress, as is the case of the
semiarid region of Paraíba, the use of scarcity-oriented prices can be a highly effective way of correctly
pricing water use while also maintaining a role of equity in access to water. Hence, this type of price
adjustment ensures two fundamental objectives for water suppliers in periods of scarcity: it encourages
demand reduction by increasing water prices, and, at the same time, allows users to choose to use
water-based on opportunity cost [25].

According to the SBT applied in this study, prices were determined from the reservoir’s water
availability, in which the price could reach a maximum percentage of up to 200% in relation the
regular tariff in its “dead” volume (that is, 10% of the maximum capacity of the reservoir, a level that
represented water insecurity for the cities that were supplied by the Epitácio Pessoa Reservoir) [26].
Similarly, as the total storage levels were restored due to above-average rainfall or loss control, the SBT
levy was withdrawn at the same trigger points. To predict the extent of the consumer’s response to a
price change, the following basic demand elasticity equation was consulted (1):

Change in demand = WDpc × (AP + RT)Ed (1)

where,
WDpc: water demand per capita;
AP: adjusted price;
RT: regular tariff;
Ed: price elasticity of demand.
In this research, a system dynamics model (SDM) was constructed using this information to

provide a robust platform for demonstrating interactions, including new elements that encourage
demand reduction and generate revenue responses associated with price adjustments.

2.3. System Dynamics

The SD approach describes the behavior of complex systems over time through internal feedback
cycles and delays that affect the behavior of the system as a whole [27]. Created by Jay Forrester in the
1960s and propagated by the Club of Rome’s limits to growth in the early 1970s [28], the SD approach
has been applied in several areas such as urban transportation [29,30], health [31–33], economy [34,35],
and natural resources [36–38].

In the planning of water resources in urban areas, some studies were observed in the literature
using the SD approach. Susnik et al. [39], developed an SD Model to assess water scarcity and the
possible impacts of socioeconomic policies on a complex hydrological system (involving numerous
sources of capture and demand from four sectors: domestic, industrial, agricultural, and external
pumping). The model was applied to the Merguellil catchment region of water scarcity in Tunisia.
Still, in this context, Dai et al. [40] produced an object-oriented system dynamics model to capture the
interrelationships between water availability and increased water demand for the industrial growth
and consumption of the population located in the Manas River Basin, the region of Xinjiang Uygur.
Dawadi and Ahmadi [41] investigated the influence of population increase and the effect of climate
change on water availability of the semiarid Las Vegas Valley in southern Nevada.

In Sahin’s studies [25,42], urban water management models were developed applying the SD
approach. The studies aimed to create price adjustments, which could, in turn, generate revenue to
invest in desalination plants capable of providing water security in an efficient way in the future.
The study was developed in Queensland, Australia. Huanhuan et al. [43] used SD to analyze the
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future water availability of a coastal region in Longkou, Shandong Province, China. For this study,
four different scenarios (business as usual, economic development, and comprehensive water resource
protection) were designed for 50 years. Weil et al. [44] constructed a model of urban water management,
which incorporated the will to conserve—and according to the model—residents’ water resources and
the effects of water-saving were quantified.

In their study, Ahmadi and Zargham [45] addressed water consumption in urban green spaces for
the city of Shiraz, Iran, and the main question was whether one should seek external water resources
(dam construction) or resources within the city (sewage treatment). For this purpose, a system dynamics
model was developed to evaluate and compare different scenarios of external and internal water
supply through to 2025.

Thus, the interconnected components and complex behavior of the system for urban water systems
can be acknowledged with the SD method [46].

3. Development of a System Dynamics Model

3.1. Causal Loop Diagram for the Water in the Semiarid Region of Paraíba (WSPB)-SD Model

In this study, a causal loop diagram was created to capture the interactions between population
growth, water investment, domestic water demand, agriculture water demand, industrial water
demand, surface water supply, and water policy options considering supply and demand management
to the “Water in the Semiarid Region of Paraíba” SD Model (WSPB-SD), as shown in Figure 5. The model
was developed using the Vensim DSS v6.3 software package [47].
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3.2. Stock and Flow Diagram of WSPB-SD Model

After building the causal loop diagram, the sub-models were delimited to construct the stock and
flow diagram (Figure 6). The proposed diagram consisted of five sub-models: population sub-model,
water supply (surface) sub-model, demand sub-model, water tariff sub-model, and reclaimed water
sub-model. To avoid anomalies due to oscillations in reservoir levels, the model was designed to
aggregate the monthly output on an annual simulation step.
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3.2.1. Population Sub-Model

The population is one of the main consumers of water in relation to its multiple uses. It ought
to be emphasized that the population’s domestic consumption includes both urban and rural users.
The population level was calculated using the current population and population change, as shown in
Equation (2).

P =

∫
(Pch)dt + [Pi] (2)

where,
P—population;
Pch—population change rate (person/year);
Pi—initial population.
One of the main causes of low population growth in the semiarid region considered in this

study was water scarcity, bringing about consequences both for the population’s well-being and
for the region’s economy, which in turn incentivized migration to large capitals in search of better
living conditions.

3.2.2. Water Supply Sub-Model

The Epitácio Pessoa Reservoir is a stock of surface water, being the only supply source for the
region delimited in this study. Equation (3) shows the formulation of the water balance adapted to the
Epitácio Pessoa Reservoir [14]. All variables were measured using MCM (million cubic meters).

St+1 = St + VDt − Et −VWt −NFt (3)

where,
t—present simulation interval and t + 1 is the next simulation interval;
St—volume stored in the reservoir;
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VDt—volume discharge to the reservoir;
Et—water volume lost by evaporation;
VWt—volume withdrawn from the reservoir for consumption;
NFt—volume of water spilled from the reservoir to natural flows in the Paraíba River.
It is important to reiterate that, in order to simulate future scenarios (2016–2025), the same series

of observed, meteorological data were repeated during future periods of time to consider a variety of
inflow discharges to the reservoir.

3.2.3. Water Demand Sub-Model

Total water demand was calculated from the actual use of water resources (available in Table 3).
Thus, the following variables were related to the demand for water resources: domestic water
consumption, industrial water consumption, and withdrawals for irrigation. The annual domestic
water demand was calculated using the following Equation (4):

DWDt = Pt ×WDpct (4)

where,
DWD—represents the annual domestic water demand;
P—annual population;
WDpc—water demand per capita.
Once the domestic water demand was calculated, it was then possible to determine the total

demand for water using Equation (5):

TWDt = DWDt + IWDt + AWDt (5)

where,
TWD—annual total water demand;
DWD—domestic water demand;
IWD—industrial water demand;
AWD—agriculture water demand.

3.2.4. Water Tariff Sub-Model

The equation that defines the adjustment price is shown in Equation (6).

AP = RT × [1 + (SBT)/100] (6)

where,
AP—adjusted price;
RT—regular tariff (CAGEPA);
SBT—scarcity-based tariff (percentage increase over the regular tariff).
The elasticities used to evaluate the users’ sensitivity to the new price levels were 0.45 and 0.55,

proposed by Medeiros and Ribeiro [48] and Bank of Northeast Brazil [49], respectively.

3.2.5. Returned Water Sub-Model

In this sub-model, returned water with loss control and wastewater reuse were both considered
as the total volume of water that was returned the system. Returned wastewater was geared toward
irrigation. The total volume of water going back into the system was calculated using Equation (7).

RWt = LCt + WWt (7)

where,
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RW—annual returned water;
LC—returned water with loss control;
WW—returned water with wastewater reuse.

3.3. Model Validation

Before proceeding with the analysis of the results, the model was validated for water balance from
2005 to 2015. Thus, direct structural tests evaluated the validity of the model structure against the real
system. For this purpose, we checked whether the model included all critical variables that were to
be investigated.

In addition, the model’s performance was evaluated using the mean absolute percentage errors
(MAPE), in which a 2.8% error was observed between the simulated data and the real data. The results,
therefore, indicated satisfactory model performance; that is, the estimated model represented well
the actual behavior of the reservoir (Figure 7). The validated model was used to generate the water
balance for the future from 2016 to 2025.
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3.4. Scenarios

In this research, six scenarios were simulated alongside the status quo scenario to identify water
policy options considering supply and demand management (Table 3). Exploring these scenarios using
the SD Model can put water sector managers in a better position to understand the complexity and
dynamic aspects of the system, supporting them to manage and make decisions more effectively.

Table 3. Predefined input parameters for examined simulation scenarios.

Scenarios

Scenario Description

Population
Growth (%)

Water Use
(Liters Per
Person Per
Day, L/P/D)

Loss
Control (LC)

(No/Yes)

Scarcity
Based (SB)

Tariff
(No/Yes)

Wastewater
Reuse

(No/Yes)

São Francisco River
Integration Project

(PISF) (No/Yes)

Status Quo 1.0% Varying No No No No
SC1 1.0% 222 No No No No
SC2 1.0% 222 No Yes No No
SC3 1.0% 222 Yes No No No
SC4 1.0% 222 No No Yes No
SC5 1.0% 222 No No No Yes
SC6 1.0% 222 No Yes Yes No

Note: SC1: scenario without restrictions; SC2: scenario without restrictions and scarcity-based tariff; SC3: scenario
without restrictions and loss control; SC4: scenario without restrictions and wastewater reuse; SC5: scenario without
restrictions and PISF; SC6: scenario without restrictions and wastewater reuse and scarcity-based tariff.
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4. Simulation Results

4.1. Status Quo Versus Scenario 1

In this scenario (Figure 8), a comparison of Status Quo versus Scenario 1 was carried out.
The Status Quo Scenario represents the simulation made for the real scenario of the phenomenon
studied. This scenario was characterized by a series of severe water restrictions that CAGEPA imposed
over an extended period of time.

In accordance with the simulations that were undertaken in this study and carried out in a
real-time scenario via restriction measures, the water supply was able to be guaranteed until April 2017
with a volume of approximately 13.7 MCM (3%). It was at this point that the reservoir received water
from the São Francisco River Integration Project (PISF). As can be observed in Figure 8, from 2017
onwards, such measures would no longer be efficient, and would, in fact, cause a water deficit of
more than 70 MCM by the conclusion of the simulation period. It is noteworthy that this scenario
disregarded water entering the reservoir from the PISF.

For Scenario 1, assuming no changes in the current patterns of urban water use and irrigation
during the simulation period, the municipalities supplied by this water-producing system would run
out of water in early 2016, consequently accumulating a water deficit of more than 120 MCM by the
end of 2018. This deficit would be reduced to 86 MCM in 2025. The water consumption considered for
this scenario was that adopted by CAGEPA in the periods when the reservoir was at safe levels for
supply (131 domestic + 91 industrial/other = 222 L/p/d).
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4.2. Impacts of the Scarcity-Based Tariff on Water Conservation—(SC2)

For this scenario (Figure 9), the influence of SBT on the water storage level during the simulated
period was analyzed. Therefore, in accordance with the simulations, it can be concluded that the SBT
was an efficient strategy to incentivize reductions in water demand; however, with respect to the case
under study, such a strategy would not be capable of avoiding a water collapse in the region, but rather
a significant water-deficit reduction by the conclusion of the simulation period. For example, in 2022
the water deficit would be at 20 MCM, falling even more to 11 MCM in 2025. Concerning Scenario 1,
such represents a reduction percentage of 78% in 2022 and 86% in 2025.
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Another positive aspect of the scarcity price strategy through SBT is the generation of additional
revenue that can be added to CAGEPA’s regular income and can be useful for looking further into
other water-management policies that require a high level of investment (e.g., capital cost for investing
in loss control, transfer, and wastewater reuse). It was verified that after the SBT was activated (2013),
extra revenue of approximately $97 million was generated by the end of the simulation period, without
considering revenue with the regular tariff.

4.3. Impacts of Loss Control on Water Conservation—(SC3)

This scenario simulated the impact of a loss-reduction policy on water availability without
restricting water consumption. As mentioned before, in this research, the term “water loss” included
both real and apparent losses. Statistical of water loss in the region under examination was around
33%. Three scenarios were proposed with loss-reduction indications of 15%, 20%, and 25% for an
estimated value of $38 million, $40 million, and $42 million respectively.

As Figure 10 shows, with the implementation of a loss-reduction policy early in the drought, a
water collapse in the region would only be delayed briefly (in Scenario 1), reducing the water deficit in
all scenarios of loss control throughout the simulation period. For example, for 15% efficiency in loss
reduction (from the current rate of 33%), the water deficit would be reduced to 68 MCM in 2022 and
62 MCM in 2025. With respect to Scenario 1, such represents a water-deficit reduction percentage of
25% in 2022 and 31% in 2025. With 20% efficiency, the water deficit would be reduced to 60 MCM
(34% reduction) in 2022 and 54 MCM (37% reduction) in 2025. In a situation rendering 25% loss (from
the current rate of 33%), the water deficit would be reduced to 52 MCM in 2022 and 47 MCM in 2025.
In regards to Scenario 1, these conditions would result in a water-deficit reduction percentage of 42%
in 2022 and 45% in 2025. Nevertheless, it is certain that no matter how efficient the loss control in
water-distribution networks could becomes, for a drought period of more than six years, such policy
would not impede a water collapse in the region.
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4.4. Impacts of Wastewater Reuse on Water Supply—(SC4)

Among the entire region under study, the city of Campina Grande comprised a significant portion
of water consumption in this study, and possessed a good index of sewage collection; yet, only 5%
of this amount was treated [50], not to mention the dearth of policies governing wastewater reuse in
the region. In this vein, this study’s proposed scenarios included indicators of wastewater reuse in
amounts of 60%, 80%, and, more optimistically, 100%. All wastewater treated and reused was directed
toward irrigation, thus reducing water scarcity for other purposes.

Analyzing Figure 11, it can be verified that, despite water reuse not avoiding a water collapse,
the water deficit was reduced considerably. For example, in Scenario 1, absent of water-management
policies, the water deficit became 92 MCM in 2022 and 87 MCM in 2025. In a scenario with 80%
wastewater reuse, this deficit dropped to 24 MCM in 2022 and 17 MCM in 2025, representing a
water-deficit reduction percentage of 73% in 2022 and 80% in 2025. For the most optimistic situation,
the deficit was significantly reduced to 8 MCM (91% reduction) in 2022 and less than one MCM (100%
reduction) in 2025.
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4.5. Impacts of Inter-Basin Water Transfer on Water Supply—(SC5)

In this scenario, the São Francisco River Integration Project (PISF) was taken into consideration.
PISF is a hydra-infrastructure project divided in two canals (the north canal and the east canal) that
captures water in the São Francisco River with the objective of ensuring water security through the
integration of hydrographic basins in the semiarid region of the Brazilian Northeast—a region that
suffers from water scarcity and irregular rain patterns. It was estimated that the flow directed to
this region averaged at 10 m3/s [51]. Despite the fact that PISF was in its final phase of construction,
its eastern connection point already transfers water temporarily to Paraíba’s semiarid region through
the east canal. Yet, from the initial phase of the project in 2005 up until the present day, PISF has incited
disagreement from the interested parties originally from the São Francisco River Basin and the project’s
beneficiaries alike. Specialists and experts have also debated about possible solutions for water supply
at lower costs, since the budget of the final project was set to around $3 billion with the project’s state
beneficiaries fronting these costs. This is in addition to projections resulting from impacts of climate
change, which will certainly be influential in ever-longer periods of drought in the Brazilian Northeast,
therefore decreasing the availability of water flowing from the São Francisco River Basin, according to
De Jong et al. [52].

In scenarios with PISF implementation, two assumptions were made. The first being that the
study simulated the scenarios with the increment of water from PISF starting from 2015. The second
referred to the flows that were considered in the two scenarios, which were 2 m3/s and 4 m3/s. Such
flows were admitted due to the fact that, before the water arrived to supply the Epitácio Pessoa
Reservoir, it underwent a 220-km journey. In this sense, specialists affirmed that during that journey,
the PISF supplied many reservoirs, occurrences of water theft by communities residing along the canal,
in addition to possible water-supply interruptions for reasons of maintenance. Under such conditions,
the amount of water that arrived successfully to the Epitácio Pessoa Reservoir was less than half that
estimated by PISF. The simulated scenarios are presented in Figure 12.
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In accordance with the simulated scenarios of both flows (2 m3/s and 4 m3/s) supplied by PISF, a
water collapse would be avoided in the region. In addition, the reservoir would reach to the end of the
simulation period with high stocks of water and no risk of water scarcity, as is verified in Figure 10.

4.6. Combining the Impacts of Wastewater Reuse and Scarcity-Based Tariffs on Conservation and Water
Supply—(SC6)

In this scenario, the impacts of water conservation through the SBT increment and wastewater
reuse for purposes of irrigation were aggregated. The SBT was simulated considering three scenarios of
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reuse (60%, 80%, and 100%). In accordance with Figure 13, it is to be noted that, with the implementation
of these two policies (demand management and supply), it was possible to reduce water scarcity
during an analyzed drought period and maintain relatively high water stocks in the reservoir through
the conclusion of the simulation period in all scenarios.
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In the scenario of 60% wastewater reuse, the reservoir’s water supply would be 67 MCM in 2022
and 69 MCM in 2025. In the scenario of 80% reuse, water supply would reach 76 MCM in 2022 and 84
MCM in 2025. Finally, for the most optimistic case of 100% reuse, water stock would cap at 90 MCM
in 2022 and 102 MCM in 2025. It is noteworthy that in this scenario there was no need to implement
water restrictions during the water-crisis period.

In general, it thus becomes clear that a paradigm shift from this conventional utility
planning approach to a price and investment response mechanism (here, SBT) promotes proactive
decision-making and more efficient investment in water supply management options. Specifically,
this market-oriented approach could provide long-term price stability, increased self-funding, and
reductions in requirements for severe restrictions.

5. Uncertainty Simulation by Monte Carlo Simulation

In this section, a sensitivity analysis of the results was carried out for each simulated scenario.
The analysis objective was to identify the parameters that most prominently impacted water availability
in the WSPB model. To that end, six variables were selected: loss control coefficient, scarcity-based
tariff, wastewater reuse rate, population increase rate, domestic demand per capita, and the average
rate of inter-basin water transfer. All of these parameters possessed uncertainties, and therefore
significantly affected the WSPB model (Table 4). The Monte Carlo simulation was the method used for
this evaluation.

Table 4. Parameters used in the sensitivity analysis.

Parameters Initial Value Sensitive Test Interval

Loss control coefficient 0.15 [0.1, 0.3]
Scarcity-based tariff 1 (0, 3)

Wastewater reuse rate 0.6 [0.1, 1]
Population growth rate 0.01 [0.001, 0.04]

Domestic demand per capita 48 (40, 55)
Inter-basin water transfer rate 2 (1, 4)
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Figure 14 presents the results of the sensitivity analysis. It is important to understand that in
this figure, the colors yellow, green, blue, and gray represent trust limits of 50%, 75%, 95%, and 100%
respectively. Furthermore, if the parameter provides a graph with a wider band, such demonstrates
that the parameter is more sensitive to the WSPB model. In this sense, observing Figure 14, one can
verify that the SBT (14b), with an initial value of 1 and interval (1, 3) is a parameter that possesses
significant impacts on the WSPB model. Another parameter in which the WSPB model is strongly
sensitive is the wastewater reuse rate (14c). Given that the initial value is 0.6 and the test-sensitive
interval is [0.1, 1], one can deduce that the wastewater reuse rate will have an apparent impact on the
WSPB model. The transfer of wastewater (14f) can be confirmed as the most influential parameter
of the WSPB model, that is, based on the analysis results of uncertainty, the WSPB model is highly
sensitive to the rate of inter-basin water transfer.
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On the other hand, the loss control coefficient and the demand rate parameters exercised little
influence on the WSPB model, as is shown in Figure 14a,e. The loss control coefficient had an initial
value of 0.25 and a test-sensitive interval of [0.01, 0.3]. The initial value for the demand rate was
48m3 with a test-sensitive interval of (40, 55). Finally, the WSPB model was minutely sensitive to the
population growth rate (Figure 14d) with an estimated initial value of 0.1 and a test-sensitive interval
of [0.001, 0.4].

6. Conclusions

In this study, a system dynamics model was developed to investigate the complex interactions in
a water-supply system in the semiarid region of Paraíba, in the Brazilian Northeast—which possesses
scarce water resource options. In accordance with the simulated results, if no type of water-management
policy is implemented, the region will suffer a water collapse in the near future. It is worth noting
that the region did not lack water definitively at the beginning of 2016, due to a series of severe
water restrictions in residential areas and temporary supply suspensions in industries and irrigation.
Therefore, the need to implement water-management and demand policies has now become a consensus
among water sector managers in the region.

In accordance with the simulated results of six scenarios proposing water-management policies,
it was observed that in spite of the options of in-demand management tools being efficient solutions
for water scarcity in the short term (e.g., the influence of scarcity-based tariffs in reducing water use),
such tools would not suffice in a context of severe drought in a water-providing system that depends
heavily on rainfall. On the other hand, certain policies involving water-supply management (e.g.,
wastewater reuse and inter-basin water transfer) are very effective in maintaining water supply and
avoiding a water collapse in the region—especially in a context of combining wastewater reuse and
scarcity-based tariffs.

With respect to water-supply policies that take into account inter-basin water transfer (PISF),
despite total water security through the conclusion of the simulation period, such policies have incited
disagreement from the interested parties originally from the São Francisco River Basin and the project’s
beneficiaries alike. Specialists and experts also debate about possible solutions for water supply at
lower costs, since the budget of the final project was set to around $3 billion with the project’s state
beneficiaries fronting these costs—reflecting exorbitant rises in water tariffs.

The sensitivity analysis was important in identifying the variables to which the WSPB was most
sensitive. The results reinforce the findings of the scenario simulations, considering the water supply
and demand management options, indicating that the variables that most impact the model were
the wastewater reuse rate, scarcity-based tariff, and inter-basin water transfer. Therefore, planning
to increase the efficiency and supply of these options plays an important role in water security in
Paraíba’s semiarid region.

Although not being the focus of this work, it is important to highlight the existence of important
environmental impacts caused by water supply policies (desalination, inter-basin water transfer, etc.),
which in most cases is an obstacle to their implementation. In this study, for example, the impacts of
the transposition of the São Francisco River include deforestation, desertification, loss of biodiversity,
and the water imbalance of the São Francisco River Basin.

An important contribution in this study was the simulation of a water-pricing methodology that
encourages rational water use based on its scarcity, which in turn increases revenue and investment in
other water-management strategies.

Although the study focused on the semiarid region of the Brazilian Northeast, demand-
management policies used in the study can be considered effective for other arid and semiarid
regions to mitigate the effects of the imbalance between water supply and demand. Using big data in
managing water resources is recommended for future studies, for the sake of offering more accurate
and reasonable data to fill in and execute a system dynamics model.
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