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Cost-benefit analysis of
mitigating subsidence damage in
Semarang and Demak, Indonesia
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Muthia J. Mahya1

1Deltares, Delft, Netherlands, 2University of Southern Denmark, Esbjerg, Denmark

Since the early 1990s, the coastal SemarangCity in Indonesia has been undergoing

rapid industrialization and population expansion. To meet growing water demand,

groundwater is abstracted with an ever-increasing number of abstraction wells.

This has led to lower groundwater tables in the largely unconsolidated substrate

and this, in turn, causes land subsidence in the area. This has led to significant

direct and indirect economic damage. In the context of limited public resources,

this study aims to analyze the economic rationale of alternative (public) investment

strategies to reduce subsidence impact in the Semarang-Demak region. With

Cost-Benefit Analysis (CBA), three alternative strategies to replace groundwater

abstractionwells are analyzed: (1) Installment of a piped cleanwater supply system

with 1,000 L/s capacity, (2) a new 2 km2 coastal freshwater reservoir in West

Semarang, (3) installment of a piped clean water supply system with 2,000 L/s

capacity. All strategies have a positive (>1) benefit-cost ratio, which indicates that

there is an economic rationale for investment to mitigate subsidence in Semarang

and Demak. Under a low water demand scenario, the best strategy is strategy 1;

under a high water demand scenario, the best strategy is strategy 3. As strategy

3 gives the highest economic benefit in the worst-case scenario, this is the most

robust strategy.

KEYWORDS

cost-benefit analysis, economic assessment, land subsidence, mitigation, Semarang,

subsidence damage

1. Introduction

Land subsidence is defined as the gradual settling or sudden sinking of the Earth’s

surface (Galloway et al., 2000). It may be caused by a range of natural or anthropogenic

triggers but is often related to the removal of underground solid or fluid resources like

gas or water. This potentially destructive hazard often occurs over large areas and can

have very significant direct and indirect economic impacts. The reduction in elevation

typically increases susceptibility to flooding or even permanent loss of land, and the

process often leads to damage to buildings and infrastructure and changes in natural

features of the landscape. Although global damage reports are lacking, estimates amount to

billions of dollars annually around the globe (Kok and Costa, 2021). According to Herrera-

García et al. (2021), 1.2 billion people, 19% of the global population, live in an area with

potential subsidence. The economic assets exposed to subsidence make up 12% of the global

gross domestic product (US$8.17 trillion). As much as 86% of the population exposed to

subsidence lives in Asia, particularly China (421 million), Japan (81 million), India (41

million), Indonesia (39 million), and Bangladesh (18 million). Potential subsidence areas are

concentrated in and near densely urbanized and irrigated areas with high water stress and

high groundwater demand, often overlying large depleted aquifer systems (Herrera-García

et al., 2021).
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Although the subsidence hazard itself has been increasingly

studied by the scientific community in the past decades (UNESCO,

2020), there is still a knowledge gap in decision support on dealing

with subsidence. Such studies can be very valuable in supporting

policymakers to deal with the problem: as anthropogenic drivers

and impacts of subsidence are often very localized; subsidence is

a relatively manageable environmental problem. In this context,

cost-benefit analysis (CBA) is a well-established economic tool used

to support the evaluation of different strategies and support the

rationale for investment or changes in policy in a variety of fields,

including natural hazard management (Gamper et al., 2006). Yet,

despite the potential added value of CBA in mitigation strategies of

subsidence, to date, the number of studies that address this topic is

very limited (Kok and Costa, 2021). In the previous decade, there

have been some publications related to the economic impact of

(mitigating) subsidence: particularly in the Netherlands in Europe,

(Born et al., 2016; Kok and Hommes-Slag, 2020; Willemsen et al.,

2020) and China and Thailand in Asia (Shin et al., 1997; Qi-yan

et al., 2008; Lixin et al., 2010; Liu et al., 2012; Hu et al., 2013; Zeitoun

and Wakshal, 2013).

In Indonesia, there has been no substantial analysis of the

economic consequences and mitigation strategies to date, although

subsidence in the island of Java is known to occur in several

big cities, including Jakarta, Semarang, and Bandung (Abidin

et al., 2013; Chaussard et al., 2013; Kahn et al., 2019). Moreover,

according to the global land subsidence map by Herrera-García

et al. (2021), several cities on the island of Sumatra, Kalimantan,

and Papua are also at risk of subsidence. This study focuses on

the Semarang-Demak area: an exploratory analysis by Mahya et al.

(2021) estimates the extent of the damage related to subsidence in

Semarang and Demak at respectively at least 79 trillion IDR present

value (circa US$ 5.5 billion) and 39 trillion IDR present value (circa

US$ 2.7 billion) until 2040, that was based on the total cost of

loss of land, increase risk of coastal flood, increase cost of road

maintenance, and building damage cost. This study aims to address

the knowledge gap around a cost-benefit analysis of subsidence

mitigation strategies in general, and specifically in Indonesia by

analyzing the costs and benefits of various mitigation strategies

for subsidence in the case of Semarang-Demak, Indonesia. The

cost of subsidence was analyzed based on the analysis by Mahya

et al. (2021) and in addition, the loss of coastal ecosystem was also

calculated to better capture the total cost of subsidence. In this

study, the study site is introduced (section 2) and the methodology

used to assess the costs and benefits of distinct mitigation strategies

is described (section 3). Then the results are presented (section

4) and it is closed with a discussion (section 5) and conclusion

(section 6).

2. Study site

The study area includes the Semarang city (population in

2019 1.8 million) and nearby Demak (population in 2019 is 1.1

million), located on the northern coast of Central Java. The area

has been experiencing land subsidence since the 1980s (Marfai

and King, 2007). According to Putranto and Rüde (2016), the

overexploitation of groundwater is the main cause of the decrease

in the groundwater head in the lowland area. The subsurface

of Demak and the northern part of Semarang consists of a

thick layer of Alluvium deposits consisting of unconsolidated

clays, surrounded by Quaternary volcanic rocks and Tertiary

sedimentary rocks (Thanden et al., 1996). The areas with (thick)

unconsolidated clays are the most susceptible to compaction

and subsidence (Chaussard et al., 2013). Subsidence develops

mostly in the industrial area in Semarang, correlated to industrial

groundwater abstraction. According to Mahya et al. (2021), based

on Ellipsis data for Semarang Central Bureau of Statistics (2020c)

and DSInSAR data from Yuwono et al. (2019) for Demak, the land

subsidence rates in the area vary between 0–2 to >10 cm/year

(Figure 1). Ellipsis subsidence rate was derived from Sentinel-1A

bi-monthly observation data that was taken from April 2016 to

October 2019 and processed with inSAR (Interferometric synthetic

aperture radar) technique (Ellipsis, 2020). Demak subsidence data

was derived using DinSAR (Interferometric synthetic aperture

radar) techniques and GNSS (Global Navigation Satellite System)

technology to predict the rate of land subsidence in the coastal area

of Demak (Yuwono et al., 2019).

The study site is located in Semarang Demak groundwater

basin with 16.5 million m3/year deep groundwater potential from

the confined aquifer (Development Planning Agency Semarang,

2013). Groundwater is intensively used as it is relatively simple,

constant, and easily accessible. According to Beek et al. (2019)

groundwater only requires a few treatment steps and does not need

a distribution network, while other water sources such as surface

water requires big water storage, and seawater is associated with

high cost, as well as ecological threat due to its brine discharge.

Moreover, although since 2018, there have been efforts to increase

clean water provision in Semarang, including the construction of

reservoirs in Manyaran and Kampung Ndesel Gunungpati, still,

due to the low capacity for clean piped water supply, groundwater

abstraction has become common practice in this region, especially

in the industrial sector (Valentino, 2013).

Since 1995, Semarang’s population has grown from 1.23

million to more than 1.8 million in 2019 (Semarang Central

Bureau of Statistics, 2020a); since 2010, the industry has grown

from 313 companies in 2010 to 446 in 2019 (Semarang Central

Bureau of Statistics, 2020b). This trend of population growth

and industrialization is expected to continue: the drinking water

company providing clean piped water, PDAM (Perusahaan Daerah

Air Minum; local drinking water company) does not have the

capacity to cover the expected increase in water demand. In 2017,

the capacity of clean piped water supply was 29.6% of Demak

and 65.2% of Semarang water demand (Agency for Improvement

of Drinking Water Supply System, 2018). With the expected

further increase in water demand in the (near) future, the rate of

groundwater abstraction and consequent subsidence is expected to

increase as well.

3. Methods

In this study, the economic feasibility of alternative strategies

to deal with the land subsidence issue in Semarang and Demak

is assessed, using a cost benefit analysis following the framework

described by Romijn and Renes (2013): the methodology is

illustrated in Figure 2. It is begun with an analysis of water demand
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FIGURE 1

Subsidence rate in the study area based on observed data. The study area is depicted with solid black line. The area with no subsidence rate

information is assumed to be not impacted by subsidence and is not considered in CBA analysis. Source: Mahya et al. (2021) modified from Ellipsis

(2020) and Yuwono et al. (2019).

FIGURE 2

Schematic of research method.

considering different population and economic development

scenarios in Semarang and Demak (step 1) and calculate the

corresponding expected deep groundwater abstraction for each

scenario (step 2) (section 3.1). Then, the potential alternative

strategies are described in section 3.2. Next, the physical effects of

alternative strategies are estimated, by assessing their impacts on

groundwater abstraction and corresponding subsidence rate in the

area (steps 3). In section 3.3 (step 4), the corresponding economic

effects are assessed, focusing on loss of land, increased coastal flood

risk, damage to roads and buildings, and decreased coastal tourism.

After reviewing investment costs for each alternative strategy (step

5), the economic loss and investment costs are analyzed in a

cost-benefit analysis (step 6) and then the robustness of results is

reviewed in a sensitivity analysis related to the discount rate and the
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TABLE 1 Summary of alternative strategies.

Strategy Description Measures Production capacity (106

m3/year)

1 Construction of a new clean water supply

system with 1,000 L/s capacity

Intake facility, water treatment plant, distribution

system including distribution reservoir and

transmission pipe

31.5

2 Coastal reservoir in West Semarang 2 km2 coastal reservoir, water treatment facility,

retention pond, and water distribution network

6.1

3 Construction of a new clean water supply

system with 2,000 L/s capacity

Intake facility, water treatment plant, distribution

system including distribution reservoir and

transmission pipe

63.0

TABLE 2 Costs and e�ects and applied valuation approach.

Parameter Economic valuation
method

Description

Cost Infrastructure construction Construction cost Construction costs of clean water supply systems are assumed to be proportional to their

capacity. According to the Ministry of Public Work Indonesia (2019) the cost to build the

West Semarang clean water supply system with 1,000 L/s capacity was 1,100 billion IDR.

MLA+ (2019) estimate the costs of a 2 km2 coastal reservoir facility that includes a water

retention pond, water treatment plant, and water distribution system at 892 billion IDR.

Operation and maintenance

(O&M)

O&M cost O&M costs are assumed to be 3% of initial construction costs per year, building on the

average of O&M costs in a similar water facility Japan International Cooperation Agency

(2009).

Benefit Clean water supply WTP (willingness to pay) for

clean water

Clean water is valued by the WTP of water in Semarang city, collected from the study by

The World Bank (2006), which is 9,908 IDR/m3 (2006 price level).

Avoided (reduced) subsidence

damage

Damage to roads: reduced

lifecycle costs

Subsidence results in a shorter lifecycle of the roads that lead to increased road

maintenance and additional investments to elevate the road. Two types of roads are

distinguished; arterial road (20m width) and regular road (5m width). Total damage of

subsidence to roads is calculated by multiplying the length of the roads impacted by

subsidence (Mahya et al., 2021) with additional road maintenance costs. These costs are

derived from a study by Sarah et al. (2014) and validated by expert judgment from a local

construction expert. Regular roads are assumed to have 2/3 maintenance costs of arterial

roads due to lower service levels.

Damage to buildings: building

restoration cost

Damage to buildings is estimated by using restoration costs: values are based on Mahya

et al. (2021) and validated by expert judgment. Total damage to buildings due to subsidence

is calculated by multiplying the number of buildings affected by subsidence (Mahya et al.,

2021) and the corresponding restoration cost.

Loss of land Land loss is defined as the area that will be permanently inundated as the result of

subsidence. Loss of land is calculated by multiplying the area of land loss taken fromMahya

et al. (2021) by the price of land that is based on the land listing price.

Coastal flood risk Subsidence leads to a higher susceptibility to coastal flooding. Flood risk is calculated by

multiplying the area of land exposed to flood risk by its flood damage values based on the

data from Mahya et al. (2021). Flood damage values in this study are based on the global

flood damage function (Huizinga et al., 2017)

Losing coastal ecosystem This represents the WTP to maintain coastal ecosystem tourism value. With continuous

subsidence, the coastal zone will become permanently inundated and coastal ecosystems

will be lost. Data for the decreased economic value of coastal ecosystem tourism is from

Mehvar et al. (2018): the authors estimated the annual WTP to maintain coastal ecosystem

tourism in Semarang City at 2,290 million IDR.

correlation between groundwater abstraction and subsidence rate

(step 7; section 3.4).

3.1. Water demand scenarios and
groundwater abstraction (step 1 and 2)

To assess the extent to which alternative strategies can reduce

groundwater abstraction and corresponding subsidence rates, the

expected water demand and groundwater abstraction in the study

area were first analyzed. Although the impacts of subsidence occur

in both Semarang and Demak, the main cause of subsidence in

this region is attributed to overexploitation of groundwater in

Semarang, largely due to industrial deep groundwater abstraction

(Popang and Tirta, 2020)—groundwater abstraction for domestic

use mainly comes from shallow groundwater abstraction which is

not expected to have a significant influence on subsidence (Letitre

and Kooi, 2018). Therefore, the analysis is limited to industrial

water demand in Semarang. Two scenarios were developed: low

and high water demand.
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3.1.1. Scenario 1: Low water demand
In scenario 1, industrial water demand in Semarang is assumed

to be correlated with domestic water demand, which in turn,

is related to population growth. To predict population growth

in the study area, the population data from the Semarang

Central Bureau of Statistics (2020a) and Indonesian population

growth rate projections from the Indonesia National Population

Family Planning Agency (2015) were used. The domestic water

demand was estimated by multiplying the total population and

average water use per capita in Semarang city, 142 liter/day/

person (Development Planning Agency Semarang, 2013). To derive

expected industrial water demand, a distribution ratio of 17:83

for industry and domestic water demand (Development Planning

Agency Semarang, 2013) was used. Using this approach, the

population is estimated to grow from 1.87 million in 2022 and

reach its peak to 2.18 million in 2062 and then decline to 1.92

million in 2122 with total water demand of 116.6, 136.5, and 120.2

million m3/year for 2022, 2062, and 2122 respectively. The total

groundwater abstraction under Business as Usual (BaU) in this

scenario from 2022 to 2122 is 830,210,606 m3.

3.1.2. Scenario 2: High water demand
In scenario 2, 5% industrial growth is applied. This is based

on the average economic growth in Indonesia (Indonesia Business

Council for Sustainable Development, 2015). This industrial

growth is until 2062 when Indonesia’s population is set to reach

its peak (Indonesia National Population Family Planning Agency,

2015). After this period, it is assumed that industrial water demand

will remain constant. Expected deep groundwater abstraction is

calculated by multiplying the number of industries that use deep

groundwater, by their water use. At present (2019) there are 243

medium and 203 big industries in Semarang (Semarang Central

Bureau of Statistics, 2020b). Medium industries are assumed to

use 49,500 liter/unit/day, while big industries are assumed to use

99,500 liter/unit/day (Santikayasa et al., 2017). Using this approach,

total water demand is expected to be 110.4, 209.1, and 195.7

million m3/year for 2022, 2062, and 2122 respectively. The total

groundwater abstraction under BaU in this scenario from 2022 to

2122 is 6,088,233,556 m3.

3.1.3. Groundwater abstraction rate
There are two developments that are expected to provide

13.9 million m3/year of piped water for industries in Semarang

since 2022, in an effort to reduce groundwater abstraction: (1)

construction of a clean water supply system in West Semarang and

(2) construction of a 2.5 km2 freshwater reservoir near the coast in

East Semarang. The clean water supply system in West Semarang

will have a capacity of 1,000 L/s, corresponding to 31.6 million

m3/year (Development Planning Agency Semarang, 2013; Ministry

of Public Work Indonesia, 2019) of which 6.3 million m3/year will

be used for industrial use (Salam, 2018). The coastal reservoir in

East Semarang can produce approximately 7.6 million m3/year of

water that is allocated for industrial use (One Architecture and

Urbanism et al., 2019).

For the purpose of this study, it is assumed that the amount

of abstracted groundwater is equal to industrial water demand

(estimated in scenario 1, and 2) minus the amount of clean water

supplied by the West Semarang piped water system and the East

Semarang coastal reservoir. The registered historical groundwater

abstraction rate is not used to project the groundwater abstraction

rate, as this data does not take into account the unregistered

abstraction that is still common in the study area (Beek et al., 2019).

3.2. Expected reduction in deep
groundwater abstraction and subsidence
under alternative mitigation strategies
(step 3)

The effects of alternative strategies will be compared to

development under BaU to analyze their impact. BaU includes

the developments of the West Semarang clean water supply

system and East Semarang freshwater reservoir along the coast.

Three alternative strategies to reduce groundwater abstraction and

consequently reduce land subsidence were analyzed: all strategies

follow the rationale of increasing the capacity of clean water supply

by means other than groundwater abstraction. Table 1 summarizes

the alternative strategies.

3.2.1. Strategy 1: Clean water supply system (31.5
million m3/year)

Jatibarang dam is located in Semarang city with a total storage

capacity of 20.4 million m3 (Ministry of Public Work Indonesia,

2012). The water from this dam can be used to provide additional

clean water, but this would require the construction of a water

supply distribution system. In strategy 1, a new clean water

distribution system consisting of an intake facility, water treatment

plant, and water distribution system is developed, with 1,000 L/s

(31.5 million m3/year) capacity to distribute the clean water from

the Jatibarang dam. 70% of the distributed water is assumed to be

distributed for domestic use and 30% for industrial use.

3.2.2. Strategy 2: Coastal reservoir (6.1 million
m3/year)

Another strategy proposed in this study is building a new

coastal reservoir in the industrial area to specifically meet industrial

water demand inWest Semarang. Required investments include the

construction of a 2 km2 water reservoir, water treatment facility,

retention pond, and water distribution network. 100% of the water

produced would be for industrial use. MLA+ (2019) describe

the characteristics and potential of such a reservoir: the authors

assume that water produced in the coastal reservoir is directly

proportional to its reservoir size (km2) and will be able to produce

6.08 million m3/year.

3.2.3. Strategy 3: Clean water supply system (63
million m3/year)

Similar to strategy 1, strategy 3 includes the construction of a

new clean water supply system to distribute the surface water from

the Jatibarang dam, but with a larger capacity: a capacity of 2,000
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TABLE 3 Cost-benefit analysis of strategy 1, 2, and 3 under Scenario 1 and 2 with base analysis (exponential groundwater-land subsidence correlation

assumption and 10% discount rate) in 2022–2122 in billion IDR (present value).

Scenario 1: Low water demand Scenario 2: High water demand

Strategy 1 Strategy 2 Strategy 3 Strategy 1 Strategy 2 Strategy 3

Investment

costs

Clean water supply

system construction

and O&M

1,430.0 0.0 2,860.0 1,430.0 0.0 2,860.0

Coastal reservoir

construction and

O&M

0.0 1,159.6 0.0 0.0 1,159.6 0.0

Total costs 1,430.0 1,159.6 2,860.0 1,430.0 1159.6 2,860.0

Effects Avoided loss of land 62,538.0 39,448.5 62,538.0 9,388.8 6,181.6 22,655.8

Avoided increase in

coastal flood risk

257.9 162.7 257.9 38.7 25.5 93.4

Avoided damage to

roads

2,195.7 1,385.1 2,195.7 329.6 217.0 795.5

Avoided damage to

buildings

1,394.0 879.3 1,394.0 209.3 137.8 505.0

Avoided decreased

coastal ecosystem

tourism value

16.3 10.3 16.3 2.4 1.6 5.9

Value of clean water 7,112.1 1,371.1 14,224.2 7,112.1 1,371.1 14,224.2

Total benefits 73,514.1 43,257.0 80,626.2 17,081.0 7,934.7 38,279.8

Benefit-Cost Balance 72,084.1 42,097.4 77,766.2 15,651.0 6,775.1 35,419.9

Benefit/Cost Ratio 51.4 37.3 28.2 11.9 6.8 13.4

TABLE 4 Benefit-cost ratio under di�erent assumptions summary.

Scenario 1: Low water demand 2: High water demand

Subsidence-groundwater
abstraction assumption

Linear Exponential Linear Exponential

Discount rate 10% 2.4% 10% 2.4% 10% 2.4% 10% 2.4%

Strategy 1 37.0 103.4 51.4 145.0 15.2 40.4 11.9 30.9

Strategy 2 30.4 87.1 37.3 107.0 9.5 26.5 6.8 18.9

Strategy 3 21.0 57.0 28.2 77.8 17.1 45.9 13.4 35.0

The number in bold is the main result of the base analysis shown in Table 3.

L/s or 63 million m3/year. 60% of the produced water is assumed to

be distributed for domestic use and 40% of the water is assumed to

be distributed for industrial use.

3.2.4. Expected subsidence rates calculation
After calculating the expected groundwater extraction rate for

each strategy and scenario, the expected corresponding subsidence

rate is assessed. To do so, the following correlations between

groundwater abstraction, groundwater drop, and land subsidence

based on Suripin (2005) is used:

S=6.5267Su
0.6394 (1)

Where S is subsidence and Su is groundwater drop. By

calculating S in Eq 1 with a range of values for Su (Su takes a value

from 1 to 20, representing groundwater drop by 1 to 20 meters), the

following relationship between S and 1Su is derived:

S=−0.00441Su
3
+0.07661Su

2
−1.92881Su+44.8270 (2)

By calculating the difference of S with Eq 2 with a range of

values of Su (1 to 20), an equation for 1S as a function of 1Su

is derived:

1S= 0.00441Su
3
−0.07661Su

2
+1.92881Su−0.5103 (3)

By calculating 1S and 1Su with Eq 3, an equation between 1S

in percent and 1Su in percent is derived:

1S (%) =8.10
−5

1Su(%)3−0.00691Su(%)2+0.87041Su(%)

−0.1514 (4)
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FIGURE 3

Global impact extent of land subsidence. Source: Dinar et al. (2021).

As groundwater drop is directly proportional to groundwater

abstraction (Abidin et al., 2010; Chen et al., 2010, 2016; Gong

et al., 2018), it is assumed that the correlation between groundwater

abstraction and land subsidence will follow Eq 4 (“exponential

correlation assumption”). In the sensitivity analysis (section 3.4)

an assumption of a linear correlation between groundwater

abstraction and subsidence is also tested. For more information,

(see Supplementary material).

3.3. Economic valuation (step 4, 5, and 6)

Table 2 presents an overview of the cost and effects evaluated in

this study, a short description, and the approach and data used to

estimate the monetary value. Estimation of investment costs of the

alternative strategies includes construction as well as operation and

maintenance (O&M) costs. The benefits of the alternative strategies

assessed in this study are twofold: (1) the provision of clean water

and (2) reducing the impact of subsidence. In relation to the latter,

five major benefits related to subsidence impacts are quantified:

reduced loss of land, reduced coastal flood risk, reduced damage to

roads and buildings, and protection of coastal ecotourism. These

impacts are considered the most significant impacts in the area:

according to Lixin et al. (2010) the damage due to increased flood

risk, land loss, and damage to roads and buildings is estimated to

be 60–80% of the total damage of subsidence in Metropolitan area

of Tianjin, China. Nonetheless, the extent of damage resulting from

subsidence is much broader, including among other things damage

to other infrastructures such as bridges, railroads, train stations,

communications, power and energy, and water infrastructure,

increased pluvial and fluvial flood risk, reduced attractiveness

of business climate due to increased flood risk and damage to

infrastructure (or conversely, higher maintenance costs/ taxes),

lower agricultural yields and lower quality of life due to (stress in

relation to) lower infrastructure service levels; increased flooding;

changes in landscape quality (Kok and Costa, 2021; Mahya et al.,

2021). These losses however were not calculated in this study

due to the lack of data on economic loss in other infrastructures,

increased pluvial and fluvial flood risk, and reduced attractiveness

of business climate. And even though the method to quantify the

loss of agricultural value in relation to increasing flooding has been

used in another study by calculating the willingness to pay (WTP)

for flood insurance (Hossain et al., 2022) and by implementing

the relationship between net crop income and climate variables

(Hossain et al., 2018), the agricultural loss is not calculated in this

study due to the unavailability of WTP data and the crop income

data.

The time horizon used in this study lies between 2022–2122,

and a discount rate of 10% is used as it is commonly used by

the Asian Development Bank in economic analysis in Asia (Asian

Development Bank, 2017). For the purpose of the analysis, the

assumption that all strategies will come into effect immediately in

2022 is applied. Further, the assumption that the subsidence rate

under business as usual corresponds to the current subsidence rate

is also applied (Figure 1).

3.4. Sensitivity analysis (step 7)

To test the robustness of the results a sensitivity analysis on

two aspects is conducted: (1) the correlation between groundwater

abstraction and land subsidence rate and (2) the discount rate.

The relation between groundwater abstraction and land subsidence,

estimated using an exponential correlation relationship (eq4) is

uncertain: land subsidence is a complex geological process that also

depends on other factors beyond groundwater abstraction, such
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as natural compaction and loading. In the sensitivity analysis, the

sensitivity of the outcome if a linear correlation is used is tested, i.e.,

a reduction of X% of groundwater abstraction due to an alternative

strategy will reduce the subsidence rate also by X%. Thus, the linear

correlation assumption follows Eq 5.

1S (%) =1Su(%) (5)

The sensitivity of results to the discount rate is tested as

discount rates in the literature vary strongly. Therefore, the initial

10% to an alternative discount rate of 2.4% is compared, based on

Bloomberg (2021).

3.5. Implications of assumptions

Due to limited available data, this study did not analyze the

full range of economic effects related to subsidence and was

based on several (coarse) assumptions, e.g. the correlation between

groundwater abstraction and subsidence and the monetization of

effects. Results should therefore be regarded as exploratory. The

unaddressed effects in this study cause underestimation of the

result: these include reduced (avoided) damage/ loss to railways,

telecommunication network, energy network, drinking water

network, sewage or water management/ drainage, public/private

green space, reduced attractiveness of business climate due to

damage to the building and increased risk of flooding, lower

productivity of agriculture due to salinity and drainage problems,

decreased quality of the living environment and higher health

problems, business interruption due to increased restoration/

maintenance works as well as traffic delays caused by the

inundation of roads, and increase in fluvial and pluvial flood risk.

Aside from excluded benefits, limited data available also cause

this study to apply several assumptions in the analysis. This study

assumes that the subsidence rate will remain constant in the

future under BaU unless an alternative strategy to reduce or stop

deep groundwater abstraction is implemented. In reality, economic

development may lead to an increase in the subsidence rate due

to increased water demand and consequent deep groundwater

abstraction. This also cause the underestimation of the expected

subsidence impact. On the other hand, land subsidence can also

reduce the attractiveness of the business climate which then can

lead to avoided deep groundwater demand by the industry as well

as a reduction in subsidence rate. This can cause an overestimation

of the expected subsidence impact.

All strategies are assumed to be applied and will come into

effect immediately in 2022. It may lead to an overestimation of the

benefits of reducing land subsidence due to a lack of knowledge of

how long each strategy will take to show the desired result. This

study also disregards any small-scale adaptation measures already

in place, e.g. dikes, which to some degree can reduce the economic

impact of land subsidence.

4. Results

The results of the analysis are presented in Table 3. This table

represents the investment cost and effects relative to BaU. The

benefit of the alternative strategies in avoiding loss of land is the

most significant, followed by the provision of clean water, avoided

damage to roads and buildings, as well as avoided increased coastal

flood risk. The smallest economic impact is the protection of the

value of the coastal ecosystem for tourism.

Compared with the investment costs, all strategies have an

economic rationale (benefit-cost ratio (BCR) >1) under both

the low and high-water demand scenarios. Strategy 1 has the

highest benefit-cost ratio under low water demand (51.4), while

strategy 3 has the highest benefit-cost ratio under the high water

demand scenario (13.4). Benefit-cost ratios are lower under the

high water demand scenario as the relative impact of the new

clean water supply on the higher water demand (and consequent

higher abstraction and subsidence) is lower. Accounting for

the fact that many potential benefits—e.g. reduced damage to

other infrastructure, reduced pluvial and fluvial flood risk, more

attractive business climate, higher agricultural yields, and higher

quality of life—the positive economic impact of all strategies can

be expected to be even higher.

4.1. Robustness of the results: Sensitivity
analysis

Table 4 shows that all strategies also show a positive benefit-cost

ratio value (>1) under both water demand scenarios when a linear

groundwater-land subsidence correlation is used. The difference

between linear and exponential assumption is relatively small,

which means that the CBA of the strategies is not very sensitive to

assumptions regarding the correlation between deep groundwater

abstraction-subsidence rates. As expected, a lower discount rate

leads to significantly higher BCRs: as benefits of dealing with

subsidence problems will continue far in the future, the chosen

discount rate highly influences the result.

Under all circumstances, the benefits of the strategies outweigh

the costs and are economically feasible. Results from the initial

analysis remain robust: under scenario 1, strategy 1 is the preferred

strategy, and under scenario 2 strategy 3. In this context, the

most robust, “safe” strategy would be to invest in strategy 3 under

“worst case” scenario 2. However, it may be advisable to develop

an adaptive pathway in implementation: begin with implementing

strategy 1, and if water demand seems to follow the pathway

sketched in scenario 2, initiate further investments in scaling up

piped water supply (to strategy 3) or even including strategy 2 (the

coastal reservoir). Although strategy 2 does not show the highest

benefit-cost ratio under any scenarios, it does have a positive CBR

and may still be a part of a combined strategy.

5. Discussion

Economic analysis in the field of land subsidence is very limited.

A study by Dinar et al. (2021), developing a land subsidence extent

index (Figure 3), shows the comparison of land subsidence impact

around the world. It is known from this study that the study area

in Semarang and Demak, Indonesia, has the highest subsidence

impact index, hence, stressing the importance of analyzing the
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economic rationale of public investment strategies to reduce

subsidence impact in this region.

This study addressed a knowledge gap in the economic analysis

of subsidence impact as the first study analyzed the costs and

benefits of land subsidence mitigation strategies in Indonesia. The

result of this study is valuable in giving an indication of the

economic impact of subsidence, as well as in supporting public

authorities in the decision-making process on how to deal with the

subsidence issue. The most notable impacts of land subsidence in

Semarang and Demak are damage to buildings and infrastructure

(direct effect) and increasing coastal flood risk and even permanent

land loss (indirect effect). Although many different impacts of land

subsidence were not addressed in this study, these impacts may

also be very significant, e.g. obstruction of economic activities and

decreased quality of life. Even though the impact of subsidence in

the study area is very significant, it has only recently received public

attention in the past few years: this can likely be attributed to the

fact that land subsidence is often not seen as an urgent problem due

to its slow onset and invisibility of subsidence as a hazard (Lixin

et al., 2010). Currently, the public authorities of Indonesia, Central

Java, and Semarang are developing a land subsidence roadmap to

adapt to and mitigate land subsidence in Semarang specifically and

in Indonesia in general: this study demonstrates amethodology that

may be of use in the further development of this roadmap, and the

results of this study offer valuable insights for the development of

subsidence mitigation strategies in Semarang and Demak.

5.1. Policy implications

This study shows consistent results, both in the main analysis

and sensitivity analysis, that show that strategy 1—a piped water

supply system with 1,000 L/s capacity—has the highest benefit-cost

ratio in a low water demand scenario (scenario 1) and strategy 3—

a piped water supply system with 2,000 L/s capacity—in a high

water demand scenario (scenario 2). Both strategies have positive

BCRs under all scenarios: the most robust solution, i.e. the solution

that is best under the worst-case (high water demand) scenario is

strategy 3.

The alternative strategies proposed in this study require

a significant investment. This type of project—water supply

infrastructure—is usually funded by the government. From the

public perspective, providing clean water for domestic use

may have a higher political urgency than providing clean

water for industry: this may act as a disincentive to prioritize

industrial water supply, even though this is the main cause of

overexploitation of deep groundwater as well as land subsidence.

This study may serve as background to demonstrate the wider

benefit for society at large if the industrial water supply

is prioritized.

The result of this study shows that loss of land has the

highest socio-economic impact caused by land subsidence. As the

proposed alternative strategies take time to be implemented and

come into effect, short-term adaptation actions may be considered

in addition to the strategies proposed in this study to minimize

the impact of land subsidence, e.g. building (higher) dikes to

protect the land against flooding and pumping stations to drain

the land. Continuous monitoring of groundwater abstraction,

subsidence rate, as well as the implemented measures is also

recommended. Moreover, if the high water demand scenario

(scenario 2) turns out to be real in the future, the alternative

strategies analyzed in this study cannot meet water demand:

additional measures will be needed. Based on a study by

Jianbing et al. (2010) in Beijing China, applying urban rainwater

harvesting gives an average benefit cost ratio of 2 with one of

the benefits included in the analysis being a decrease in land

subsidence. Aquifer recharge may also be an attractive strategy

in the region to mitigate subsidence as implemented in Las

Vegas Valley, Nevada (Donovan et al., 2002). A study case

in Gouda the Netherlands shows another potential mitigation

strategy, i.e. managing subsidence by reducing the consequences

of subsidence rather than preventing subsidence altogether e.g.

strengthening building structure to cope with subsidence damage,

which has economic rationale with 1.48 BCR (Kok and Hommes-

Slag, 2020). The approach and results of this study are mostly

relevant to other cities and/or countries where land subsidence

is related to overexploitation of deep groundwater, e.g. in Jakarta

and Bangkok.

5.2. Limitations and recommendations for
further study

The subsidence rates for the study area (shown in Figure 1)

which form the basis of our economic impact analysis are

based on satellite data of a very limited time series—at the

time of writing, no more elaborate data was available. The

resulting estimation of subsidence rates is highly uncertain (as also

discussed by Yuwono et al., 2019). Furthermore, due to limited

available exposure data and lack of dose-effect relationships, this

study did not analyze the full range of economic effects related

to subsidence.

Furthermore, the study would greatly benefit from improved

analysis of the subsidence hazard based on more extensive

time series of observational data. This study has shown that

the development of water demand over time has a large

impact on the economic rationale of various strategies. A

more elaborate assessment of water demand (including the

relation between groundwater abstraction and subsidence rate)

is needed. Furthermore, it would be valuable to analyze

the economic impacts not yet quantified in this study to

enable more a comprehensive analysis. To avoid under or

overestimation of the result, study related to effect of applied

small scale adaptation measure, how long the alternative strategies

effect the subsidence, and how the economic development

influences the subsidence rate under BaU would be valuable.

The results of this study demonstrate there is likely a clear

rationale for taking action in reducing the negative impacts of

subsidence: more CBA research in other susceptible regions would

be valuable.

The alternative strategies analyzed in this study only address

the land subsidence problem by providing clean water from

surface water in order to reduce (stop) the deep groundwater

abstraction. Expanding the analysis to include other mitigation
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strategies would be very valuable, e.g. artificial aquifer recharge,

land use management, and adaptation measures like dikes,

houses on stilts, and lightweight infrastructure. Since this study

only analyze the economic rational of the alternative strategy,

further study related to technical and/ or social feasibility is

highly recommended.

6. Conclusion

Economic and population growth in Semarang have caused

increased water demand, largely met by increased groundwater

abstraction which in turn has led to significant land subsidence

in the area of Semarang and Demak. Public authorities have

already taken some actions to address this issue by a clean

water supply system in West Semarang and a freshwater reservoir

along the coast in East Semarang. Despite these developments,

the economic damage caused by the land subsidence in the

study area is still expected to be very significant if no

additional new policy or strategy is adopted. In this study,

the economic rationale for taking further action by comparing

three alternative strategies with business as usual (no additional

measures taken) is analyzed. The three strategies include building

(1) a new clean water supply system with 1,000 L/s capacity,

(2) a 2 km2 coastal reservoir with a supply system in West

Semarang, and (3) a new clean water supply system with

2,000 L/s capacity. All three strategies have a positive (>1)

benefit-cost ratio: they all have an economic rationale for

investment. The highest BCR is strategy 1 under a low water

demand scenario and strategy 3 under a high water demand

scenario. Thus, applying strategy 3; building a clean water supply

system with a capacity of 2,000 L/s or 63 million m3/year

to distribute the surface water from the Jatibarang dam is

recommended as it is the most robust strategy; it gives the

highest economic benefit of the public investment in the worst-

case scenario to reduce subsidence impact in the Semarang-

Demak region.
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