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Abstract: Municipal sludge has economic value as a low-grade fertilizer as it consists of appreciable
amounts of the macro and micronutrients. When using sludge as fertilizer, the economic aspect
should be taken into account. In this study, the following specific objectives were identified: (a) to
investigate the economic feasibility of using sludge as a fertilizer; (b) to estimate the maximum
economic distance sludge can be transported as a fertilizer; and (c) to test the economic feasibility
of selling sludge using commercial inorganic fertilizer as a bench mark. The study showed that for
anaerobically digested, paddy dried, municipal sludge consisting of 3% N, 2% P, and 0.3% K the
economic feasibility of transporting the sludge was limited to a diameter of 20 km in the arid zone,
28 km in the semi-arid zone, 51 km in the sub humid zone, 66 km in the humid zone, and 75 km
in the super-humid zone. Therefore, the economic feasibility of using sludge as a substitute for or
complementary to commercial inorganic fertilizer is dictated by the distance between the wastewater
care work and the farm, sludge nutrient concentration, agro-ecological zone (rain and temperature),
and the real-time commercial inorganic fertilizer price.

Keywords: cost–benefit analyses; municipal sludge; commercial fertilizer; assumptions

1. Introduction

World human population growth in general is expected to place significant new demands on
already strained renewable and non-renewable natural resources, thereby causing environmental
degradation, while reinforcing social inequity and poverty. With this in mind, the UN adopted the
Sustainable Development Goals (SDGs) in 2015 with the theme “Transforming our world: the 2030
Agenda for Sustainable Development [1]. This ambitious agenda hopes to address 17 core areas of
public concern of which 15 (excepting goals 4 and 17) relate directly or indirectly to waste recycling,
with predominant conceptual emphasis on food security, health, and environment. Recycling of
wastewater sludge in agricultural lands increases soil organic matter [2], plant available P (Olsen-P) [3],
total P, N, and K [3], and improves the overall soil physiochemical properties by decreasing soil bulk
density while increasing soil aggregate stability and cation exchange capacity [4]. However, there are
concerns from pathogens, heavy metals, and emerging contaminants added along with the sludge to
agricultural lands [5]. Nonetheless, not all sludges are qualified for use in agricultural lands. Hence,
many countries have developed sludge guidelines to characterise sludge based on the stability of
sludge (vector attraction), pathogen content, and concentration of trace metals [6,7]. Studies related to
the fate of emerging contaminants from sludges applied in agricultural lands are inconclusive because
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the fate of emerging contaminants in agricultural soils is reported to be influenced by the type of soil
amendment, soil properties, and chemical properties of sludge [8]. This study, therefore, assumes that
the sludge type considered is class A, according to [7] or class A1a, according to South African sludge
guideline [6].

The nutrient fertilizer value of sludge depends on the total major plant nutrient (N, P, K) composition [9]
and nutrient availability for plant uptake [10]. Generally, sludge is applied according to crop nitrogen
requirements [11]. The nitrogen fertilizer value of sludge, however, depends on the total N content and
the nitrogen mineralization rate of the sludge [12]. This depends on the source of the sludge and the
processing of the wastewater and sewage sludge treatment [9]. Generally, sewage sludge is a poor source
of potassium [10] because in most cases it has less than 1% by mass and has a lower K:N ratio (1:6 to
1:10) compared with that of crops (about 1:1.4 to 1:1.6). In contrast, the P:N ratio of sludge (1:2 to 2:1) is
much higher than the P:N ratio of crops (1:6 to 1:10). Hence, N-based sludge application could lead to
soil P accumulation, which could lead to environmental pollution through P losses via runoff to surface
water bodies [13].

Economic evaluation is the comparative analysis of alternative courses of action in terms of
both costs (resource use) and consequences (outcomes, effects) [14]. Previous studies have proven
the fertilizer value of municipal sludge and its role as a soil conditioner across a range of climates,
soil types, and cropping systems [15]. It is important to note that sludge is a low-grade nutrient source
(2–5% N, 1.2–4% P, and 0.3–0.5% K), and its economic value as fertilizer also diminishes with an
increase in distance between the wastewater treatment plant and the farm. This is mainly due to an
increase in transportation cost.

Planning to adapt sludge as a fertilizer supplement on farm systems requires both long term
considerations, such as the carry over effects of nutrients on follow up years, and short-term considerations,
such as year-to-year fluctuations in fertilizer price and transportation costs. Economic evaluation models
are formidable tools to conduct assessment on the short and long-term economic value of sludge
using simple equations. Economic evaluation of sludge through cost–benefit analyses should take into
account the fertilizer value of sludge (N, P, and K), transportation cost, and spreading cost. In this study,
a cost–benefit analysis of sludge was conducted to investigate the ideal perimeter around water care works
where sludge could be economically transported using commercial inorganic fertilizer as a benchmark.
Sludge nutrient content and composition varies across wastewater treatment plants as well as within
wastewater treatment plants at different times of the year. Similarly, the price of commercial inorganic
fertilizer is volatile due to the volatility of the raw materials. Thus, a dynamic robust calculator which takes
into account real-time sludge nutrient composition, commercial inorganic fertilizer price, and transport
and spreading costs is vital to accommodate such variation and provide real-time assessment.

There is little published work, if any, about the maximum distance that sludge can be economically
transported for use as a low-grade fertilizer as those studies would need real-time sludge nutrient
composition, commercial inorganic fertilizer price, and transport and spreading costs. Thus, developing
a simple model (equation or set of equations) that would take into account these variables to estimate
the economically feasible distance that a sludge can be used as a fertilizer is of paramount importance
for both the wastewater treatment plants and farmers. To promote the beneficial agricultural use
of municipal sludge as a low-grade source of the primary macro nutrients, the following specific
objectives were identified: (a) to investigate the economic feasibility of using sludge as a substitute
or complementary source of plant nutrients to commercial inorganic fertilizer; (b) to estimate the
maximum economic distance that sludge can be transported as a fertilizer; and (c) to test the economic
feasibility of selling sludge using commercial inorganic fertilizer as a bench mark.
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2. Materials and Methods

2.1. Economic Evaluation Input Requirements

In this section, the cost–benefit analysis of the fertilizer value of sludge is computed using
commercial fertilizer as a benchmark. This economic evaluation is based on the long-term field trial
conducted at the East Rand Water Care Works (ERWAT) [15,16] and a laboratory experiment conducted
at the Soil Science Laboratory, Department of Plant and Soil Sciences of the University of Pretoria.
The economic evaluation of sludge consisted of the following three interrelated sections: (1) transport
related information, (2) commercial inorganic fertilizer price related information, and (3) cost–benefit
analysis. Details of the variables for each of the three sections are presented below. The currency that
we used for this cost–benefit analysis study was United States dollars ($).

(a) Transportation

a. Farm distance (D) from wastewater treatment plant (km)
b. Rate of truck (r) ($)
c. Transport cost per km ($)
d. Number of loads (L)
e. Spreading cost per ton of sludge ($)

(b) Commercial inorganic fertilizer price information

a. Nitrogen price per kg ($)
b. Nitrogen content of fertilizer (%)
c. Phosphorus price per kg ($)
d. Phosphorus content of fertilizer (%)
e. Potassium price per kg ($)
f. Potassium content of fertilizer (%)

(c) Cost–benefit analysis

a. Total cost of applying municipal sludge ($)
b. Total cost of applying commercial fertilizer ($)
c. Maximum economic distance (km)
d. Maximum selling cost ($)

2.2. Economic Assumptions and Scenarios

An assumption allows an economist to break down a complex process in order to develop a
theory and realm of understanding [17]. Economists use assumptions in order to simplify economics
processes so that they are easier to understand. This cost–benefit analysis of municipal sludge is based
on certain assumptions that can be broadly classified into four categories.

2.2.1. Assumptions on Economic Value of Sludge as Fertilizer

These assumptions on the economic value of sludge as fertilizer refer to the price of plant available
nutrients (N, P, and K) and those for inorganic commercial fertilizers. We assumed that the monetary
value of plant available nutrients (N, P, and K) from sludge are the same as those for inorganic
commercial fertilizers. The following commercial fertilizer sources were used as a benchmark in this
study: limestone ammonium nitrate (LAN) (28% N), double superphosphate (H2PO4) (19.6% P),
and potassium chloride (KCl) (50% K). The prices of each fertilizer as of March 2020 are presented in
Table 1.
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Table 1. Fertilizer price in March 2020 in the market, South Africa.

Fertilizer Type Plant Available (%) Price (USD kg−1)

LAN, KAN 28 1.14
H2PO4 19.6 2.46

KCl 50 0.92

2.2.2. Assumptions on Plant Available Nutrients from Sludge

One factor considered when applying sludge to agricultural soils is the amount of N that will
be available to the plant during a given time period (growing season) [18,19]. The release of plant
available N from organic sources such as sewage sludge applied to agricultural soils is a function of the
soil temperature and soil water content [19,20]. Sewage sludge is a slow-release fertilizer compared to
inorganic fertilizers. The plant availability of N from sludge for the current study is estimated based
on laboratory incubation studies conducted by [21] adjusted to site-specific release rates using the
Swb-Sci model [22]. The model was previously validated with independent data sets [19]. This study
considered an anaerobically digested ferric chloride treated sludge, which was used to calibrate
and validate the SWB-Sci model. The sludge had mean N, P, and K contents of 3%, 2%, and 0.3%,
respectively. Computer model simulation of nitrogen mineralization from the above mentioned sludge
reached a steady release rate following four consecutive years of sludge application in the semi-arid,
sub-humid, humid, and super-humid zones. In the arid agro-ecological zone, however, it took longer.
For the current study, however, four years was used for the steady state mineralization rate in arid
zones. According to the model simulation results, the rate of N mineralization at steady state from
anaerobically digested sludge dried on concrete beds was 24% for arid zone, 28% for semi-arid, 29% for
sub-humid zone, 37% for humid zone, and 42% for super-humid zone [22].

The plant availability of P from the candidate sludge was estimated based on studies conducted
by [23]. While K from sludge was considered as 100% plant available. In most cases sludge is applied
according to crop N requirements, which results in excess P application but under fertilization of K
because sludge is a poor source of K (0.3%). According to [23], the mean relative availability of P
from ferric chloride treated sludge was about 65% of the total P applied. For the sludge economic
value computation, however, only the amount of P needed by crops to satisfy crop requirements for a
given target yield was used. Sludge application rate across zones and sites was estimated based on the
annual sludge nitrogen release rates adjusted to match the crop N requirements (Table 2).

The sludge recommendation rate for each agro-ecological zone was calculated using Equation (1).

Sludge recom. = Crop N requirement/(Mineralization rate ∗ Sludge N) (1)

where

• Crop N requirement is the crop N requirement (metric ton ha−1),
• Sludge recom. is the sludge recommendation rate (metric ton ha−1),
• Mineralization rate is the annual N release rate of the sludge (%), and
• Sludge N is the nitrogen content of the sludge (%).
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Table 2. Sludge recommendation rates (metric tons ha−1) for maize grown on farms around selected South
African cities across five South African agro-ecological zones. (Sludge recommendation rates (Equation (1))
are estimated based on crop N requirements according to recommendations by the Fertilizer Society of
South Africa [24]).

Agro-Ecological
Zone

Selected Sites
Crop N

Requirement
Sludge

Recommendation

Nutrients Added when
Sludge Added According to

Crop N Requirement

P K

(kg ha−1) (Metric Ton ha−1) (kg ha−1) (kg ha−1)

Arid (ARD)
Springbok

(SPB) 37 5.1 102 15.3

Kimberley
(KM) 47 6.5 130 19.5

Semi-arid
(SMA)

Bloemfontein
(BLM) 75 8.9 178 26.7

Rustenburg
(RST) 73 8.7 174 26.1

Polokwane
(PLK) 65 7.7 154 23.1

Sub-humid
(SUH)

Johannesburg
(JHB) 120 13.8 276 41.4

Port Alfred
(PA) 90 10.3 206 30.9

Bethlehem
(BTL) 90 10.3 206 30.9

Humid (HM)
Durban (DBN) 150 13.5 270 40.5
East London

(EL) 130 11.7 234 35.1

Cape Town
(CT) 130 11.7 234 35.1

Super-humid
(SPH)

Nelspruit
(NLS) 170 13.5 270 40.5

NB: the values used in the crop N requirement (column 3) are mean values.

2.2.3. Assumptions on Costs of Sludge, Commercial Fertilizer, and Maximum Selling Price

The total cost of using sludge on farms where sludge is applied according to crop nutrient
requirement includes the transportation cost of delivering sludge from wastewater care works to the
farm (TRCS) and the spreading cost (SPCS). According to the reports from wastewater care works,
the TRCS mainly depends on the distance between wastewater care work and the farm (D (km)),
the number of loads (N (ha−1)), and the rate of the truck (r ($ km−1)). The rate of the truck (r) varies
from place to place according to the agreement made between wastewater managers and transporters.
In most cases the rate of 30 ton trucks is between $3.61 and $4.16 per km (source: Visser Plant Hire)
and in this study it is assumed to be $4.02 per km. The r is also defined as the transportation cost of
sludge per km per load. According to the reports from wastewater care works, the transportation cost
of sludge is then calculated by (TRCS = DNr) (Source: Visser Plant Hire). A similar equation was used
to calculate the transportation cost of commercial fertilizer (TRCC = DNr).

Most commercial farmers use lime spreader to apply sludge on farms. According to the information
from Agri Precision Services, the spreading cost of sludge (SPCS) or spreading cost of commercial
fertilizer (SPCF) per ton was $3.83 (Source: Agri Precision Services).

In this economic evaluation it was assumed that the maximum selling price of sludge (MSP)
should be less than the total cost of commercial fertilizer (TCCF) and greater or equal to the total cost
of sludge (TCS). If the MSP of sludge is <TCCF and ≥ to the TCS, it is fair enough to transport the
sludge to the designated farm.
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2.3. Economic Interpretations

Economic interpretations are systems of simultaneous equations with an equal or greater number
of economic variables [25]. This economic evaluation allows both the economic value of sludge as
fertilizer and costs to be calculated and compared using the following criteria. The economic value of
sludge is the total value of available nutrients from sludge (TVANS ($ ha−1)) and is computed using
Equation (2).

TVANS = TVAN + TVUP + TVAK (2)

where

• TVAN is the total value of plant available nitrogen per ton of sludge ($ ha−1),
• TVUP is the total value of phosphorus used by plants per ton of sludge ($ ha−1), and
• TVAK is the total value of available potassium per ton of sludge ($ ha−1).

The total cost (TCS) incurred for a maximum economic distance (MED) that the sludge can be
transported should be less than or equal to TVANS (Equation (2)). This is due to the transportation
cost of sludge because its economic value diminishes with increase in distance between the wastewater
care work and the farm. Therefore, the MED is the distance (km) where the total costs of sludge (TCS)
is ≤ TVANS. The total cost of sludge (TCS) ($ ha−1) is computed using Equation (3).

TCS = TRCS + SPCS (3)

where TRCS is the transportation cost of sludge ($ ha−1) and SPCS is the spreading cost of sludge
($3.83 ha−1 default value used in this study).

The economic evaluation also used Equation (4) to estimate the total cost of commercial fertilizer
(TCCF ($ ha−1)) to meet the crop requirement. The TCCF is the sum of the total prices of nutrients
from commercial fertilizer (TPNCF ($ ha−1)), the transporting cost (TRCC (S ha−1)), and the spreading
cost (SPCC ($ ha−1)) of inorganic fertilizers.

TCCF = TPNCF + TRCC + SPCC (4)

where TPNCF = TPCN + TPCP+ TPCK and

• TPCN is the total price of commercial inorganic nitrogen fertilizer ($ ha−1),
• TPCP is the total price of commercial inorganic phosphorus fertilizer ($ ha−1),
• TPCK is the total price of commercial inorganic potassium fertilizer ($ ha−1),
• TRCC is the transportation cost of commercial inorganic fertilizer ($ ha−1), and
• SPCC is the spreading cost of commercial inorganic fertilizer ($3.83 ha−1 default value used in

this study).

The maximum selling price of sludge (MSP) ($ metric-ton−1) is then computed using Equation (5):

MSP = (TCCF − TCS)/Sludge recom (5)

A flow diagram indicating the relationship among the various equations used to compute MED
and MSP is presented in Figure 1.
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Figure 1. Flow diagram indicating the relationship among the various equations (Equations 1 to 5) 
used in this study. 
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Total cost of sludge (TCS): 
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Total price of nutrient from commercial fertilizer: TPNCF 

Total cost of commercial fertilizer: 

TCCF = TPNCF + TRCC +SPCC        (Eq. 4) 

MSP = (TCCF – TCS)/sludge recommendation        (Eq. 5) 

Figure 1. Flow diagram indicating the relationship among the various equations (Equations (1) to (5))
used in this study.

2.4. Study Site

Economic evaluation was done to complete the cost–benefit analysis of using sludge as a fertilizer
on selected cities for five of the six major agro-ecological zones of South Africa (Table 3) using
commercial fertilizer as a bench mark. Site selection depended on the availability of maize yield
and commercial fertilizer data. The potential maize yield of the representative sites and commercial
inorganic fertilizer recommendations for each site were obtained from the fertilizer society of South
Africa’s guideline [24,26] (Table 3).

Sludge application rate was estimated based on the annual sludge nitrogen release rates for each
site adjusted to match the crop N requirements (Table 3, column 8). Maize was selected as the test
crop because it is one of the most widely cultivated crops across the globe and accounts for 51% of the
cultivated land in South Africa [27].
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Table 3. Potential maize yield and annual commercial fertilizer and sludge application rate
recommendations (Equation (1)) for selected sites across South African agro-ecological zones for
soils with clay content >25% [24].

Agro-Ecological
Zone Selected Sites Mean Annual

Rainfall (mm)

Potential Maize
Yield

(Metric-t ha−1)

Commercial Fertilizer Sludge
Recommendation

(Metric-t ha−1)
N

(kg ha−1)
P

(kg ha−1)
K

(kg ha−1)

Arid (ARD) Springbok (SPB) 222.5 2.5–3 37 10 20 5.1
Kimberley (KM) 354 4.5 47 15 25 6.5

Semi-arid (SMA)
Bloemfontein (BLM) 478.4 6.5–7 75 25 45 8.9

Rustenburg (RST) 465.8 6.5 73 25 45 8.7
Polokwane (PLK) 391.8 6 66 20 35 7.7

Sub-humid (SUH)
Johannesburg (JHB) 790.9 8–9 120 34 90 13.8

Port Alfred (PA) 756.7 7–8 90 31 70 10.3
Bethlehem (BTL) 725.7 7–8 90 31 70 10.3

Humid (HM)
Durban (DBN) 965.7 10–10.5 150 45 105 13.5

East London (EL) 806.4 8–9 130 34 90 11.7
Cape Town (CT) 811.8 8–9 130 34 90 11.7

Super-humid (SPH) Nelspruit (NLS) 1003.3 11–12 170 50 125 13.5

NB: the values used in the crop N requirement (column 5) are mean values.

3. Results and Discussion

3.1. Economic Value of Sludge as Fertilizer

The economic value of sludge as fertilizer is the total value of available nutrients from sludge
(TVANS). To assess the economic value of sludge as fertilizer across five of the six South African
agro-ecological zones, an anaerobically digested sludge dried in concrete beds with 3% N, was used.
The land size used for this assessment was 1 ha. The TVANS ranged from $ 80.86 in arid lands,
where the sludge recommendation rate is 5.1 t ha−1, to $354.06 in super-humid agro-ecological zone,
with sludge recommendation rates of 13.5 t ha−1 (Table 4). Results from this study showed that TVANS
varied significantly across South African agro-ecological zones (Table 4). This is mainly because sludge
application rate is dictated by the crop nitrogen requirement, which is influenced by the climate, in
particular rain and temperature. For instance, in the arid agro-ecological zone of Kimberley the TVANS
($108.42) was three times lower than in the super-humid zone of Nelspruit ($354.06) (Table 4). This is
mainly due to the lower rainfall, and therefore lower crop nutrient requirements, lower N availability,
and sludge recommendations (Table 3, column 8) in Kimberly (6.54 t ha−1) than in Nelspruit (13.5 t ha−1).
The total value of available nutrients from sludge also varied between sites within an agro-ecological
zone. For instance, in the sub-humid agro-ecological zone, the TVANS in Johannesburg ($258.53) was
20% higher than that in Port Alfred and Bethlehem ($207.29). Similarly, in the humid zone the TVANS
in Durban ($318.96) was 17% higher than that in Cape Town and East London ($264.13).

Table 4. Sludge application rate (Equation (1)) and total value of available nutrients from sludge
(TVANS (Equation (2))) applied to 1 ha of agricultural land of rain-fed maize according to crop N
requirement [24] across sites within ago-ecological zones in South Africa.

Zone Site
Sludge Rate

(Metric-t
ha−1)

Total Value of Available Nutrients from Sludge (TVANS) ($)
TVANS
($ ha−1)Avail N

(kg)
Price N
($ ha−1)

Avail P
(kg)

Uptake P
(kg)

Price P
($ ha−1)

Avail K
(kg)

Price K
($ ha−1)

ARD SPK 5.1 37 42.18 96 10 24.60 15.3 14.08 80.86
KM 6.5 47 53.58 122 15 36.90 19.5 17.94 108.42

SMA BLM 8.9 75 85.50 168 25 61.50 26.7 24.56 171.56
RST 8.7 73 83.22 164 25 61.50 26.1 24.01 168.73
PLK 7.7 65 74.10 145 20 49.20 23.1 21.25 144.55

SUH JHB 13.8 120 136.80 260 34 83.64 41.4 38.09 258.53
PA 10.3 90 102.60 194 31 76.26 30.9 28.43 207.29

BTH 10.3 90 102.60 194 31 76.26 30.9 28.43 207.29
HM DBN 13.5 150 171.00 254 45 110.70 40.5 37.26 318.96

EL 11.7 130 148.20 221 34 83.64 35.1 32.29 264.13
CT 11.7 130 148.20 221 34 83.64 35.1 32.29 264.13

SPH NLS 13.5 170 193.80 254 50 123.00 40.5 37.26 354.06

NB: Avail = Available.
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Generally, it is believed that areas with higher rainfall need higher nutrient requirements, which is true,
and therefore higher sludge application rate, which may or may not be true. For instance, this study showed
that sludge recommendations for the humid zone of Johannesburg (790 mm rain) is 13.8 metric-t ha−1

compared to that of Nelspruit (1003 mm rain) in the super-humid zone, with sludge recommendation rates
of 13.5 metric-t ha−1. This is mainly attributed to the higher sludge decomposition rate and therefore higher
nutrient availability from a given mass of sludge in Nelspruit (42%) compared to that in Johannesburg (37%).

3.2. Cost of Sludge vs. Cost of Commercial Inorganic Fertilizer

In order to assess the economic feasibility of using sludge as a low-grade fertilizer, a preliminary
total cost comparative analysis was done between commercial inorganic fertilizer and municipal sludge
applied according to crop N requirements to 1 ha of land within a 1 km perimeter of a wastewater
treatment plant. As described in the Materials and Methods section, the total cost of commercial
inorganic fertilizer includes the sum of the nutrient prices (TPNCF), the transporting cost (TRCC),
and the spreading cost (SPCC). The total cost for sludge, however, includes the transport and the
spreading costs only.

The results show that the total cost of commercial fertilizer (TCCF) was higher than the total cost
of sludge (TCS) (Table 5) across South African agro-ecological zones.

Table 5. The total costs of sludge (TCS (Equation (3))) vs. total cost of commercial fertilizer (TCCF
(Equation (4))) across sites to meet rain-fed maize nutrient requirements [24] planted on 1 ha of land
within a 1 km perimeter of a wastewater treatment plant.

Zone Site

Costs of Sludge Prices of Commercial Fertilizer

TRCS
($ ha−1)

SPCS
($ ha−1)

TCS
($ ha−1)

TPNCF
($ ha−1)

TRCC
($ ha−1)

SPCC
($ ha−1)

TCCF
($ ha−1)

ARD
SPK

4.02

19.53 23.55 85.18

4.02

3.83 93.03
KM 24.90 28.92 113.48 3.83 121.33

SMA
BLM 34.09 38.11 188.40 3.83 196.25
RST 33.32 37.34 186.12 3.83 193.97
PLK 29.49 33.51 156.64 3.83 164.49

SUH
JHB 52.85 56.87 303.24 4.22 311.48
PA 39.45 43.47 243.26 3.83 251.11

BTH 39.45 43.47 243.26 3.83 251.11

HM
DBN 51.71 55.73 378.30 5.37 387.69
EL 44.81 48.83 314.64 3.83 322.49
CT 44.81 48.83 314.64 3.83 322.49

SPH NLS 51.71 55.73 431.80 5.76 441.58

The TCCF was four times higher in the arid and eight times in the super-humid than TCS. For instance,
in the arid city of Kimberley the TCS ($28.92) was a quarter of the TCCF ($121.33) (Table 5). Similarly,
in the super-humid zone of Nelspruit the TCS ($55.73) was one eighth of the TCCF ($441.58). The main
factor that contributed to the consistent increase of the TCCF across all zones and sites in South Africa
was the price of nutrients (N, P, and K). In contrast, the spreading cost of commercial fertilizer (SPCC) was
a quarter of the sludge spreading cost (SPCS) in arid zones and one eighth of that in humid zone. This is
mainly due to the higher nutrient content and therefore low mass of commercial fertilizer (Table 3, columns
5–7) needed to be spread to meet crop requirements compared to sludge (Table 3, column 8). For instance,
the spreading cost of sludge (13.8 ton) to satisfy dryland maize nutrient requirements planted on 1 ha of
land in the sub-humid agro-ecological zone of Johannesburg is $52.85. This is in contrast to the spreading
cost of a commercial inorganic fertilizer applied to satisfy similar crop demands ($4.22). The main costs of
sludge use in agricultural lands, spreading and transport costs, are both sensitive to sludge application
rates while the transport cost is also sensitive to the distance between the wastewater treatment plant and
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the farm. Therefore, it is of vital importance to assess the maximum economic distance that sludge can be
used as a low-grade fertilizer.

3.3. Maximum Economic Distance of Sludge

The maximum economic distance (MED) of sludge is the predicted economic distance that the
sludge can be transported. It is the distance (D) where the total cost of sludge (TCS) is less than or
equal the total price of available nutrients from sludge (TVANS) (Equation (2)). The economic distance
(perimeter around water care works) in which sludge could be used as a low-grade fertilizer varied
across agro-ecological zones: 20 km in arid, 28 km in semi-arid, 51 km in sub-humid, 66 km in humid,
and 75 km in super-humid agro-ecological zones (Table 6).

Table 6. The total value of available nutrients (TVANS (Equation (2))) from sludge compared to the
total cost of sludge (TCS (Equation (3))) at varying distances (d) for 1 ha of agricultural farm.

D (km)

Kimberley Polokwane Johannesburg Durban Nelspruit

TCS
($ ha−1)

TVANS
($ ha−1)

TCS
($ ha−1)

TVANS
($ ha−1)

TCS
($ ha−1)

TVANS
($ ha−1)

TCS
($ ha−1)

TVANS
($ ha−1)

TCS
($ ha−1)

TVANS
($ ha−1)

1 28.92

108.42

33.51

144.55

56.87

258.53

55.73

318.96

55.73

354.06

4 40.98 45.57 68.93 67.79 67.79
8 57.06 61.65 85.01 83.87 83.87

12 73.14 77.73 101.09 99.95 99.95
16 89.22 93.81 117.17 116.03 116.03
20 105.30 109.89 133.25 132.11 132.11
21 109.32 113.91 137.27 136.13 136.13
22 117.93 141.29 140.15 140.15
28 142.05 165.41 164.27 164.27
29 146.07 169.43 168.29 168.29
30 173.45 172.31 172.31
51 257.87 256.73 256.73
52 261.89 260.75 260.75
66 317.03 317.03
67 321.05 321.05
75 353.21
76 357.23
77

The economic distance estimated in this study, however, could vary depending on the sludge N
content and the real-time fertilizer price. Therefore, computations to assess economic distance to use
sludge as a nutrient source should use real-time commercial inorganic fertilizer price, sludge N content,
sludge nutrient release rate, and the distance between the wastewater treatment plant and the farm.

3.4. Economic Feasibility of Selling Sludge

In this economic evaluation, it was assumed that the maximum selling price (MSP) of sludge should
be less than the total cost of commercial inorganic fertilizer (TCCF) and greater or equal to the total cost
of sludge (TCS). Results from the current study show that MSP varied across agro-ecological zones
ranging from $14.22 per metric-ton in the arid zone to $28.58 per metric-ton in the super-humid zone
(Table 7). This variation is attributed mainly to the concurrent increase of TCCF with the availability of
rainfall (Table 7). The increase in the MSP observed with the increase in the rainfall regime is attributed
mainly to the relative increase in the N mineralization per unit mass of sludge added, which resulted in
a relatively lower sludge application rate increment per additional crop N requirement. The commercial
inorganic fertilizer required per unit crop N demand, however, increased almost linearly leading to
higher total cost of fertilizer (TCCF).
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Table 7. Maximum selling price (MSP (Equation (5))) per ton of sludge derived from TCS (Equation (3)),
TCCF (Equation (4)), and sludge recom. (Equation (1)) for selected sites across zones in South Africa.

Zone Site TCS
($ ha−1)

TCCF
($ ha−1)

Sludge Recom.
(metric-t ha−1)

MSP
metric-ton−1 ($)

Arid Kimberley 28.92 121.33 6.5 14.22
Semi-arid Polokwane 33.51 164.49 7.7 17.01

Sub-humid Johannesburg 56.87 311.48 13.8 18.45
Humid Durban 55.73 387.69 13.5 24.59

Super-humid Nelspruit 55.73 441.58 13.5 28.58

The current study shows that it is economically feasible to sell sludge within a given perimeter
around wastewater plants, depending on the agro-ecological zone. Recent statistics from [28] suggest
that farmers’ perceptions of the fertilizer value of organic manures are poor, but Tables 5 and 7 showed
that farmers have major expenses and consistent increases in commercial inorganic fertilizer compared
with municipal sludge. Farmers will have the highest improvement in savings for nutrients supplied
from municipal sludge, which could result in a major savings in fertilizer costs without loss of yield
and with less environmental pollution.

4. Conclusions

The economic value of using sludge in agricultural lands varied across agro-ecological zones.
The lowest economic value was in the arid zone, increasing with the availability of rainfall, to the highest
value in the super-humid zone. Similarly, the maximum economic distance that sludge can be transported
economically increased with the availability of rainfall. Therefore, the economic feasibility of using sludge
as a replacement for or complementary to commercial inorganic fertilizer is dictated by the distance between
the wastewater works and the farm (transport costs), sludge nutrient concentration, agro-ecological zone
(rain and temperature), and current commercial inorganic fertilizer price. The methodology used in
the current investigation was conservative for it relied only on measurable factors and excluding other
biosolid benefits that are difficult to measure. Some of the benefits that are difficult to measure and were
excluded include improved soil quality in biosolid-amended soils and avoided costs of non-beneficial
disposal. Hence, in light of these additional but hard to measure factors, the hauling distance could
increase beyond the recommended distance.
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