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ABSTRACT - The impacts of soil erosion can be grouped into two
major categories, off-site and on-site. The present study will focus on
erosion damages at both areas of impact. The estimated economic cost
of the off-site (external) costs of erosion will be based on the effect of
water born sediment on hydroelectric plants. This effect can be lost
reservoir capacity, increased use of maintenance labor, and reduced
electrical energy production. The on-site (internal) costs of erosion
will be determined by soil nutrient replacement costs. The monetary
values of the on-site and off-site damages were calculated using lost
revenue, replacement costs, and decreased system productivity. The
empirical work was based on sediment levels in the Sapucai River located
in the Brazilian state of Sao Paulo's north. The estimated annual offsite costs, discounted at 3% per year, was US$ 9,854,490.00, larger
than the US$ 5,377,913.00 for annual on-site costs.

Key words: Environmental Impacts, replacement cost, environmental
Economics.

INTRODUCTION
Environmental science classifies the impact of soil erosion as either
internal ("on-site") Of external ("off-site") determined by the impact's
place of origin. A great deal of literature has reported that off-site costs
are larger than on-site costs (Clark II et al. 1985; Crosson, 1985;
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Ribaudo, 1989; Marques, 1995; Montoya et al., 1994; Southgate &
Macke, 1989). The identification of all the impacts of soil erosion is a
very complex process. The difficulties in quantifying each damage is
even more complex. (Menck, 1993; Sorrenson & Montoya, 1989;
Montoya et al. ,1994; Southgate & Macke, 1989; Bastos Filho, 1995).
Replacement cost and sacrificed production are important alternative
measures which can be used to quantify economic losses caused by the
alteration of a natural environment. Even so, other components of
total economic value - option and existence values - are not considered
by replacement cost and lost production measurements. Regardless of
what method is used to estimate costs, there is a high probability that
the estimate will understate the economic value of the damage caused
by environmental modification. However, as a pioneering study of the
external and internal costs of erosion in Brazil, we sought a to develop
our empirical research over a wide scope.
The present work intends to estimate some of the current costs of
one type of environmental modification, agricultural production, in
the Sapucai Watershed. The effect of soil erosion on hydropower plant
functioning and the loss of nutrients in the agricultural area were used
to estimate this cost.

THE RIVER BASIN
The Sapuca{ River Watershed begins in State of Minas Gerais and
extends approximately 300 Km into the State of Sao Paulo's north.
The watershed covers an area of approximately 6,570 km2, 6,000 km2
of which is in the state of Sao Paulo and includes segments of the
following counties: Guafra, Batatais, Franca, Guad., Ituverava,
Patrocinio Paulis ta, Restinga, Sao Jose da Bela Vista, Altinopolis, Ipua,
Nuporanga, and Sao Joaquim da Barra. The watershed is a humid,
subtropical region with dry winters and annual average precipitation
of 1400 mm. Cultivated agricultural crops and pasture cover 93% of
the area, and the remaining land has either been reforested or is covered
with virgin forests. The Sapucai River is a tributary of Grande River.
The amount of solids suspended in the Sapudi River averaged 180,000
m3. Companhia Paulista de For~a e Luz, CPFL, operates two small
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hydroelectric power plants located on the Sapuca{ River, Dourados (7
Mw) and Sao Joaquim (5,2 Mw) reservoirs
Table I. Groups of agriculture products, area and soil losses in Sapuca{
Watershed
Products
Erosion (t/year)
Area (ha)
Annual crops
7,333,002
434,575
2,202,450
Semi-perennial crops
177,606
54,329
Perennial crops
60,385
Pasture
215,586
86,285
Native forest
14,738
36,845
Reforestation
21,119
19,007
Total
9,679,760
946,117
Source: CATI-IEA (1995). Soil erosion estimates were based on
Belinazzi Junior et al. (1981).

According to IPT, Instituto de Pesquisa (Research) Tecnologica, the
Sapuca{ Watershed is an area of critical erosion due to a predominance
of silt soils. The area is close to nascent; 1/3 of the total drainage area
has a high susceptibility to erosion; and the remaining area is classified
as having medium susceptibility to erosion damage. (IPT, 1995). Sugar
cane, coffee, soybeans, and corn are among the main agricultural crops
cultivated within the Watershed.

ENVIRONMENTAL COSTS METHODOLOGY
The physical damage of productive assets caused by alterations in
the quality of the environment constitute the impacts of environmental
modification that, once translated into monetary terms, represent societal
costs (Comune,1994). Specific and local environmental damages can
be measured in terms of sacrificed production or lost revenue. (Motta,
1991). The sacrificed production method of calculating environmental
impacts associates environmental change with changes in factor
productivity and in the economic activity's physical end product, both
of which alter production costs and benefits.
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In this study, the external cost of environmental modification was
the difference between the costs of electric energy production in the
Sapuca{ Watershed with and without the effect of sediment. Some of
these effects were evaluated by assessing material damages in the
watershed caused by the abrasive action of the Sapuca{ River's water
born solids on hydroelectric generator turbines and on other equipment
in contact with the water. Whenever a river's intrinsic solids transport
capacity is exceeded, the abrasive potential of its waters increases
(Carvalho, 1989).
The effects of sediment and sedimentation in the river were observed
through a study of the historic changes in energy generation by the
Dourados and Sao Joaquim hydroelectric plants. The observed
tendencies were then projected on the operation of eight new
hydroelectric units to be constructed in that river. (CESP, 1987; CPFL,
1992). The monetary consequences of these abrasive damage were
measured using the sacrificed production method and by adding costs
accrued due to the actual physical damages.
The internal costs of environmental modification in the Watershed
were determined by the replacement costs of soil nutrients (N, P, K,
Ca, and Mg,) lost due to erosion. The replacement cost approach
identifies nutrients needs as determined by type of ground cover and
existing soil type. Nutrient need and fertilizer prices were used to evaluate
the economic effect of soil losses. It was possible to estimate the total
soil lost in tons per year due to agricultural activities for the entire
Sapucai Watershed by using the erosion rate for the cultivation of various
agricultural cultures, the erosion rate for the soils they grow in, and
the areas they occupy.
Price is an important variable in the calculation of environmental
damages. This implies that the important prices observed in and
generated by the existing market structure should be adjusted to reflect
the social opportunity cost. The long run marginal cost of expansion is
the social price of electric energy (Eletrobras, 1993). The economic
price for maintenance, drainage, and repair services was obtained by
subtracting fringe benefits from the price of labor and then applying
the calculated correction factor or adjustment coefficient (Silva Neto,
1993). The market price of the nutrients N, P, K, Ca and Mg was used
to determine their replacement cost.
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ANALYTICAL MODEL
The following expression estimates the internal costs:
Internal costs = Q (P n + C.) + (P P * QP )
Where:
0

~ = lost fertilizers due to soil erosion;
P O = price of the fertilizers;
c. = application cost;
P = price of the agricultural product;
= reduction in long-term productivity due to erosion.
Application costs and productivity losses were not included in the
present calculation due to lack of specific information.
The difference between energy production costs with and without
the effects of the sediments in the water gives the external costs
(Marques,1995):

d:,

External costs = CEcA - CESA or,
CAA = CECA - CESA
m

I (CM +
=1
1

t

CEsA

={

f

RPE 1 + CLD 1 + CRS 1 + CRE)(l + r)- 1

(CM1)(l + rf 1

}{

r(l + r)1 ·(I+ r)- 1

-

}{

r(l + r) 1

• (]

1}

ta::l

where:
CAA = annualized external cost US$;
CECA= annualized production costs with sedimentation effects, in US$;
CESA = annualized production costs without sedimentation effects, in
US$;
t = time, in years (t = 1 to 50);
r = discount rates, in % per year;
CM,= maintenance cost, in US$, in the period t;
RPE, = lost revenue, in US$, in the period t;
CRS, = equipment repair cost in, in US$;
CRS 1 :;t:O fort= 4j, (j = 1 to 12);
CRS, = 0 for the other cases
CLD, = cleaning and drainage cost in US$, in the period t;
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CRE, = replacement equipment cost;
CRE, -:J; 0 for t = 25 years;
CRE, = 0 for the other cases.
The maintenance cost (CMA,) can be expressed as the following
generic mathematical expression:
f(t) = X [y 1 (l,l)Y + z1 (1,2)z(0,l)k + w 1 (l,05)w]
where:
f(t) defines the maintenance schedule for the useful life of the plants,
fort = 1 to 50 years.
All the other parameters and power are defined as function of t :
X = energy production cost;
YP zI' e w 1 = binary parameters;
y1 = parameter of the rate ( 1, 1);
z1 = parameter of the rates (1,2) and (0,1);
w 1 = parameter of the rate (1,05);
y, z, k and w power potency of the rates 1.1, 1.2, 0.1 and 1.05,
respectively.
The decision rules of for the condition of no-occurrence of
sedimentation are the following:
y = 1 if the rest (t/6) = 0 and quotient (t/6) ::S;3;
y = 0 otherwise;
y1 = 0 if rest (t/6) = 0 and quotient (t/6) = 4 or t > 26;
y1 = 1 otherwise;
z = 1 if rest (t/6) = 1 and quotient (t/6) ;;::: 5 or
if I rest (t/6) = 0 and quotient (t/6) = 4;
z = 0 otherwise;
k = 1 if the rest (t/6) = 1 and quotient (t/6) ;;::: 5;
k = 0 otherwise;
w = 0 and w 1 = 0 if t ::S; 26;
w = rest (t/26) and w 1 = quotient (t/26) otherwise.
For the conditions of high sedimentation, the rules are the
following:
y = 1 if rest (t/4) = 0 and quotient (t/4) ::;; 4;
y = 0 otherwise;
y1 = 0 if rest (t/4) = 0 and quotient (t/4) = 5 or t;;::: 23;

232

JoRo Fernando Marques

y 1 = 1 otherwise;
z = 1 rest (t/4) = 3 and quotient (t/4) ~ 6 or rest (t/4) = 0 and
quotient (t/4) = 5;
z = 0 otherwise;
k = 1 if rest (t/4) = 3 and quotient (t/4) ~ 6;
k = 0 otherwise;
w = Oandw 1 = Oift:::;23;
w = rest of (t/23) and w 1 = 1 if t ~ 24.
The decision rules in the case of low sedimentation are:
y = 1 if rest (t/5) = 1 and quotient (t/5) :::; 2 or
rest (t/5) = 2 and quotient (t/5) :::; 3;
y = 0, otherwise;
y 1 = 0 if rest (t/25) = 2 and quotient (t/5) = 4 or t > 25;
y 1 = 1, otherwise
z = 1 if rest (t/5) = 0 and quotient (t/5) ~ 6,
rest (t/5) = 2 and quotient (t/5) = 4
z = 0 otherwise;
k = 1 if rest (t/5) = 0 and quotient (t/5) ~ 6;
k = 0 otherwise;
w = 0 and w 1 = 0 if t :::; 25;
w = rest (t/25) and w 1 = 1 if 26 :::; t :::;49;
w = 25 and w 1 = 1 if t = 5 0.
The conditions for the level of medium sedimentation are the
following:
y = 1 ifrest (t/5) and quotient (t/5) :::; 3;
y = 0 otherwise;
y 1 = 0 if rest (t/5) = 0 and quotient (t/5) = 4 or, t> 24;
y 1 = 1 otherwise;
z = 1 if rest (t/5) = 4 and quotient (t/5) ~ 5 or rest (t/5) = 0 and
quotient (t/5) = 4;
z = 0 otherwise;
k = 1 ifl rest (t/5) = 4 and quotient (t/5) ~ 5;
k = 0 otherwise;
w = 0 and w 1 = 0 if t :::; 24;
w = rest (t/26) and w 1 = 1 if t ~ 25;
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All the rests and quotients considered in the analytic model were
the whole parts of the resulting values.
The annual lost revenue (RPEt) measured in US$/year is defined as
follows:
RPEt = [PE(t) . PDE] . [Pi)
Where:
RPE t = annual revenue lost in US$;
PE(t) = adjusted price of electric energy in US$/Mw for the year t.;
PE(t) = US$ 25.20, for 1 ~ t ~ 11; or
= US$ 33.20 , for 12 ::; t ::; 16; or
= US$ 41.10 , for 17 ~ t ~ 50;
PDE = 2366.6 Mw, daily production of electric energy;
Pij = matrix of sacrificed production;
i = sedimentation level (1 =low; 2 = medium and 3 = high);
j = sedimentation intensity ( 1 = minimum; 2 = average and 3 =
maxim).

p;j=[~ : !]
3 7 0

The cleaning and drainage cost (CLDt), in US$ was defined as:
CLDt = (CAXm). [Pii]
where:
CAXm = energy production cost,
m = 1, 2 or 3 (1 = minimum; 2 = medium and 3 = maximum).
Pii = matrix off the percentage associated to the expenses of cleaning
and drainage;
i and j = level and sedimentation intensity, respectively.
m = 1, CA Xm = US$ 31,719,282.00;
m = 2, CA Xm = US$ 33,422,099.71;
m = 3, CA Xm = US$ 35,962,015.00

p,~[

31

52 6
10 13
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The equipment replacement cost is defined as follows (CRE,):
CRE, = (VEI(t)). [PPJ
VEI(t) = yalue in US$ of the investment in turbines and other
equipment,
when t = 27 VEI(t) it assumes positive value and zero if tt:27;
PPi = representative matrix of the percentage associated with the
replacement value;
i and j = sedimentation level and intensity, respectively.
VEI(27) = US$ 24,331,269.00.

~~

~!J

25 20

Repairs equipment cost (CRSt) is defined as follows:
CRS, = (CAXmr [PJ
Pii = representative 1matrix of the percentage associated with repairs
value;
i and j = sedimentation level and intensity respectively.

P,=[~

2 3j

5 6
10 13

The lowest discount rate used was 3 % per year, represented the
actual long term rate for investments in water development projects
(Schwartz & Berney; 1987). The highest rate, 9%, corresponded to
the social opportunity cost for the electric sector estimated by Contador (1981). This is the rate used by BNDES in their Environmental
Conservation Program and by CETESB in their Pollution Control
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Program. These values are below those calculated as the Brazilian
economy's social discount rate. (Motta, 1988).

RESULTS AND CONCLUSIONS
The damage caused by soil erosion is not bound by its effect on
hydroelectric installations and soil nutrients. A study of these effects
only quantifies partial damages. So, it is believed that the effective value
of the total damages of soil erosion are more appropriately represented
by the highest estimated value.
As was expected, the estimated external costs gave rise to a wide
variation of inter and intra hypotheses. Given the assumed conditions,
the lowest estimation of external damages was arrived at by combining
low levels of river sediment with a higher discount rate. The highest
cost of external damages was arrived at by combining high levels of
river sediment and a the lowest discount rate (3% ). Table 2 lists the
external costs using discount rates of 3%, 6%, and 9% and at three
levels of river solids content in the Sapucai Watershed.
Table 2. Annual equivalent external cost in US$ 1. 000,00 1
Disc. Rate(%)

medium (US$)

low (US$)

high (US$)

3

2,653.33

5,251.11

9,854.49

6

2.132.71

4 224.40

8,253.34

9

1,820.26

3,611.52

7,287.79

In this study, the highest off-site cost of sediment in the Sapuca{
River, hypothesizing high levels of suspended solids and a 3% discount
rate, was US$ 253,329,000 over 25 years (annually, US$ 9,854,490).
This is approximately the construction cost of the two hydroelectric
plants operating in the Watershed and 40% of the cost of the eight
hydroelectric projects planned for the area.
In spite of the estimates' limitations, even partial results lend greater
objectivity to the debate surrounding the cost of environmental
modification. These results give a monetary figure for some of the costs
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of erosion. Additional studies are necessary to not only identify the
monetary value of a conservation program but to identify and quantify
the other societal costs of man's alteration of the natural environmental.
The determination of a discount rate frequently causes polemic. Even
the defenders of the need for valuing environmental assets get involved
in debates and controversies for which a definitive conclusion is not
forthcoming (Pearce, 1983; ~eitzman,1994; Winter-Nelson,1996).
However, the estimated discount rates for each action, project, or
program should be carefully adjusted to reflect the possible impact of
any environmental modification. The choice of a discount rate which
reflects environmental concerns has been the object of subjective
interpretations and value judgments. Most of the time, the discussion
of discount rate has moved to the arena of political decision-making
(Winter-Nelson, 1996).
The replacement cost of nutrients leached out by agricultural runoff was used in this research as the internal component of the cost of
environmental modification and the ensuing erosion. This cost was as
high as US$ 5,377,913 per year, and this only partially reflects the
internal environmental problems caused by soil erosion. This method
of estimating internal costs is highly sensitive to the market price
behavior of soil nutrients. Falls or sudden increases in nutrient market
price, when this price is used as base for environmental valuation, do
not necessarily imply an abrupt alteration in environmental quality.
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. sapuca1'W:atershd
e
17able 3 -Econonuc va ue o fth e soil 1osses m
Nutrients Soil
Nutrient
nutrient losses
concentra (t/year)
lion(%)

Nitrogen 0.096750 936,516.7800

Fertilizer

urea

Price
of
fertilizers
( US$)

Kg
fert./
kg
nutrient

Fertilizers
losses
(t/year)

2.22

2,f.l79,r.XJ7.25 215.58

Economic
value of
losses in
US$/year

**
4,482,053.18

(45%N)
phosphate 5.56

40,684.083

146.17

205,637.92

Potassium
chloride

1.66

161,615.983

122.25

197,575.54

Calcium 0.094872 918,338.1907 dolomitic
+ Magnelimestone
sium

2.63

2,415,229.44 20.40

Phosph
orus

0.002614 25,302.8926

Potassium 0.010058 97,359.0261

Soil
9,679,760
losses int.

492,646.43

5,377,913.07

Source: (*) Belmazz1 Jumor et al. 1981; (**) Anuano EstatistICo do Setor de
Fertilizantes, 1995.

This data includes only a few of the internal damages caused by soil
erosion, other damages include: 1) the microflora and the microfauna
affected by erosion; 2) diminished soil water retention capacity; 3) a
large number of difficult to identify and quantify negative effects which
happen simultaneously; and 4) the loss of an entire spectrum of
nutrients, not included in this data, which should be restored. The
layer of the soil carried off by erosion is usually the top soil layer which
contains the highest concentration of nutrient organic matter and
mineral elements. Each type of soil can tolerate some nutrient loss and
remain at the same level of production, that loss represents its natural
regenerative capacity; however, this regenerative capacity is very low in
the case of the tropical soils (Bastos Filho, 1995).
Some studies have made estimates of the cost of environmental
modification and/or the value of prevention/conservation measures.
For example, Sorrenson & Montoya (1989), making a soil conservation
study in the State of Parana, found that costs varied from US$ 121
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million to US$ 242 million annually just for replacement of the
macronutrients lost due to erosion. According to the same authors,
the Itaipu hydroelectric plants annually receive soil from Paranaense
lands with a macronutrients value of US$ 420 million. The authors
wrote that a soil conservation program for the State of Parana would
require investments on the order of US$ 19 million/year over a 20year period.
It has been estimated that the State of Sao Paulo suffers annual soil
nutrient erosion losses of around US$ 200 million (Instituto de
Economia Agricola, 1991). In a more recent study, Bastos Filho ( 1995)
estimated that soil erosion caused US$ 176 million/year in nutrient
losses to the State of Sao Paulo's agricultural, pasture, and forests lands
The estimates made for the present study indicated that the internal
costs generated by soil losses in the Sapuca{ Watershed are about 3% of
the of the state's total internal loss due to erosion.
Given that the present study is a pioneering attempt to measure the
external economic effects of soil erosion in Brazil (no other estimates
exist from which direct comparisons can be made), the values obtained
are only indicative of the problem's order of magnitude. Nonetheless,
the monetary values are very expressive; the external costs are twice the
value of internal costs.
The global solution for soil and water problems is beyond the scope
of the present work. Even so, from the prospective of agricultural land
use, there is a need to match agricultural policy with soil conservation
programs and water resources management. Any evaluation of the
internal and external costs and benefits of conservation programs should
incorporate environmental awareness. In this sense, a knowledge of
the economic value of environmental externalities will assist public
and private decision makers in their effort to preserve natural resources
and improve society.
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