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Abstract 
The disparities found in studies on sewage sludge management, aggravated 
by the high financial investment required, may lead to decision-making 
uncertainty and hesitancy. This research, basing on seven different sludge 
treatment and disposal routes that are widely used in China (thicken-
ing-anaerobic digestion-dewatering-land application, thickening-condi- 
tioning-dewatering-sanitary landfill; thickening-conditioning-dewatering- 
anaerobic digestion-land application, thickening-conditioning-dewatering- 
drying-incineration; thickening-conditioning-dewatering-drying-land appli-
cation; thickening-conditioning-dewatering-incineration-sanitary landfill and 
thickening-conditioning-dewatering-drying-sintering-building materials), and a 
contextual assessment of major influencing indicators in Bujumbura 
through a review of priorities defined in the country National Development 
Plan 2018-2027 and other relevant reports from the government and dif-
ferent local and international organizations, selected five key factors such as 
energy recovery, local policies and priorities, weather conditions, environ-
mental impact rate, and capital investment, and analyzed which routes are 
more adapted for this city. Thus, an assessment matrix for suitability of 
each of the seven routes to each factor was developed to summarize the ad-
vantages and disadvantages for each scenario. The analysis results demon-
strated that the financial capacity excludes incineration process. Energy re-
covery-oriented routes are likely to be particularly attractive due to their 
potential of producing electricity which is scarce in this city. The treatment 
should apply drying before disposal, a cost-free process using natural dry-
ing to reduce the cost and eventual environmental impact during sludge 
transportation to the disposal site. Landfilling is preferable over land appli-
cation, to prevent the potential risk posed by the geographic position and 
topographic condition of the city. The study concluded that a route using 
anaerobic digestion, drying and landfilling would be a good choice for the 
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1. Introduction 

Sludge is the substance that is removed from the sewage treatment process by 
settling, flotation, or filtration at different levels. The waste dumped into the se-
werage system, the method of sewage treatment, the operation of the facility, and 
the procedure to which the sludge has been subjected all influence its chemical, 
biological, and physical characteristics. Pathogens, heavy metals, organic mate-
rials, and unfavorable chemical elements may all be present. The characteristics 
of sludge differ greatly from one place to the next and over time within the same 
facility. The presence of hazardous elements in sewage sludge has led to a consi-
derable number of researches to assess the health risks associated with the land 
applications of sludge, and unanimously recommend that before land applica-
tion, regular monitoring and stabilization of sewage sludge are required to en-
sure the protection of public health [1]. FAO (Food and Agriculture Organiza-
tion of the United Nations) provides key guidelines for “Agricultural use of se-
wage sludge” (available at http://www.fao.org/), to be respected where land ap-
plication is used. Firstly, category of materials which are excluded such as plas-
tics, secondly the odor control during the transportation, must use an appropri-
ate vehicle type to avoid eventual inconvenience on the way, and lastly, must 
prevent leaking from land to surrounding infrastructures. 

The negative impacts of sludge are not only environmental but also enorm-
ously economic, given that the treatment and disposal of sludge generated in the 
process may account for up to 60% of the total operating expenses in a wastewa-
ter treatment plant [2] [3]. The economy being at the center of each nation’s 
priorities in the modern world, the involvement of huge capital expenditure ex-
acerbates the reluctance in decision making. All these above-mentioned factors 
drive into such a dilemma when considering what advanced treatment method 
to adopt, due to the large number of methods existing and the discrepancies ob-
served.  

However, the sludge treatment technologies comprise several methods from 
which a better choice can be made, and the present studies propose an approach 
of linking advantages and disadvantages of each method to the key factors such 
as local policies, geographic location, weather condition (temperature, solar rad-
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iation), etc., which affect positively or negatively, directly or indirectly the sludge 
treatment process and then confuse decision making.  

Despite environmental and economic restrictions, sludge is still regarded as a 
resource instead of waste, due to its various applications with potential to offset 
at short or long-run the treatment and disposal cost, which corresponds to the 
circular economy concept [4]. Many countries have already recognized that se-
wage sludge components can be recycled in a new strategy which is aimed at 
making products from sludge which are in-tended for sale in the market place, 
while other sludge based products can be used for energy and also reused with 
matter recovery for land application [5]. Moreover, the reuse of sludge and/or 
ash sludge in production of construction material also corresponds to the circu-
lar economy concept and can solve the massive sludge disposal problems, re-
maining a “safe” prerequisite [6]. 

Thus, this study aims to propose an economically and environmentally 
friendly sewage sludge treatment and disposal route adapted to the context of 
Bujumbura, in Burundi. 

2. Methodology 

This study is on one hand based on a general literature review related to sewage 
sludge treatment and disposal methods, and on the other hand an assessment of 
the key local indicators and conditions. Therefore, we searched in bibliometric 
databases such as Google Scholar, Research gate, Web of Science, ScienceDirect, 
with various keywords in different combinations: sludge management, environ-
mental impact, policy, energy recovery, sustainability, etc. Also, we reviewed re-
ports published by the government and non-governmental organizations oper-
ating in the area concerned, especially the “Plan National de Développement 
2018-2027” [7] or the National Development Plan 2018-2027 of Burundi, the 
document containing the investment priorities and which is guiding all the sec-
tors of life to attain the committed goals. Relevant sustainable development goals 
(SDGs) were also reviewed to have a clear understanding of the government’s 
stance about combating climate change, which allows or limits the scenarios of 
this research. 

3. Description of the Study Area 
3.1. Geographical Location 

Bujumbura is the largest and economic capital city of Burundi, a country located 
in the heart of Africa with a population of 11.89 million (2020), surrounded by 
Rwanda to the north, Tanzania to the east, the Democratic Republic of Congo to 
the west, and bordered by Lake Tanganyika to the southwest (Figure 1). Bu-
jumbura is located in the western part of the country, on the shores of Lake 
Tanganyika. The city of Bujumbura is stuck between the lake to the west and the 
Mumirwa hills to the east. Its altitude is between 800 and 100 meters, well below 
the rest of the country, whose average altitude is 1500 meters. Its topography is  
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Figure 1. Location map of Bujumbura. 

 
relatively complex, as it is traversed by a series of several parallels, relatively and 
regularly spaced rivers flowing from east to west (in the lake). With an area of 
86.52 km2, Bujumbura is the biggest city of Burundi with a population estimated 
at 1,012,996 inhabitants and 6.17% of growth rate (World Population Data 
2020). It is the administrative and economic capital city of Burundi, and it is 
there that the majority of the country’s industrial activities are concentrated. 

3.2. Sanitation and Pollution Level 

Health coverage at the level of the town hall represents only 5.9% of households. 
Regarding wastewater management, it is estimated that the city has more than 
60,000 septic tanks and latrines to be emptied and more than 420 km of sewage 
network. Insufficient treatment facility is also an evidence, as the city has only 
one wastewater treatment plant while experts estimate a need of at least three 
plants [8].  

The sanitation rate in Bujumbura and Burundi in general is still critically low. 
According to the statistics of 2018, only 27% and 15% respectively of the urban 
and rural population had access to adequate sanitation facilities and 16% at the 
national level [7] (Figure 2). 
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Figure 2. Percentage of population using basic sanitation services (2015). 

 
The improper sanitation in Bujumbura constitutes a potential risk to Lake 

Tanganyika, the precious water reservoir for cities around it in the four riparian 
countries (Burundi, Democratic Republic of Congo, Tanzania and Zambia), and 
consequences are heavy to the life of the residents of these cities. Bujumbura is 
the largest city of the group, should be an example for the rest and lead an-
ti-pollution actions. In addition to blackwaters and industrial wastewaters man-
agement, this study also investigated the current practices in greywater dis-
charge, and presents an insight of 4 districts over the eight in total, in the former 
city structure (Table 1). With a gutter discharge rate averaging 67 percent for 
shower greywater and 84.5 percent for kitchen greywater, the improper dis-
charge rate is considerably higher. 

Lake Tanganyika is one of the earth’s major ecosystems and one of the seven 
African Great Lakes namely Albert, Edward, Kivu, Malawi/Nyasa/Niassa, Tur-
kana, and Victoria. Three of these lakes (Victoria, Tanganyika, and Malawi) hold 
one-quarter of the earth’s total surface water supply. Their fisheries are abun-
dant and sustain more than 50 million people. They are home to the world’s 
richest lacustrine fish fauna, but they are currently facing serious challenges in 
their respective catchment basins, including water contamination, overfishing, 
increased deforestation, land loss, and overgrazing [10]. The pollution caused by 
such practices is an evidence in Lake Tanganyika (Figure 3), a lake which is im-
portant not only for its endangered species, but also as a microcosm in which to 
research evolutionary processes. The lake’s significance to global biodiversity is 
immeasurable. 

3.3. Health Impact 

Water pollution is the leading worldwide cause of death and disease, e.g. due to 
water-borne diseases. Therefore, a synergy for safe sanitation systems is essential 
to protect public health. In this perspective, World Health Organization (WHO)  

https://doi.org/10.4236/oalib.1107319


A. Bizimana et al. 
 

 

DOI: 10.4236/oalib.1107319 6 Open Access Library Journal 
 

Table 1. Improper discharge of grey waters in Bujumbura (Unit: %). 

Greywater category Musaga Kinindo Cibitoke Kinama 

Shower 59a; 37c 85b 83.45c 80.71c 

Kitchen 97c 52b; 46c 98.64c 96.5c 

Legend: a: In septic tank, b: Lost well, c: Gutters (Adapted from [9]). 

 

 
Figure 3. The pollution of Lake Tanganyika. 
 
is leading efforts to monitor the global burden of sanitation-related disease, 
access to safe sanitation and wastewater treatment, as well as factors that help or 
impede progress toward the Sustainable Development Goals. The helminthiasis 
prevalence was found higher in different Communes of Bujumbura, in a study 
conducted in 2012 based on laboratory results of stool examinations (number of 
pathological cases per Commune, per year, and age group) [9]. Apart from the 
hookworm where contamination is transcutaneous, mainly due to walking ba-
refoot on soil polluted by human excreta, other helminthiases are fecal-oral dis-
eases (diseases due to water contamination or food through excreta) [9]. Their 
prevalence in the Communes surveyed is potentially linked with the poor sanita-
tion systems in households as well as the sources of water supplied. 

3.4. Economic Impact  

Heavy financial cost of water pollution is a global challenge which does not spare 
Bujumbura or Burundi in general. Based on the individual cost estimates for 4 
major categories such as deforestation and land degradation, air pollution, water 
pollution and natural disasters, the total cost of environmental degradation 
(COED) in Burundi was estimated at US$376 million or 12.1 percent of the 
country’s GDP in 2014 [11]. The cost related to water pollution occupied the 
second place with 31% of the total environmental expenses, after deforestation 
and land degradation which accounted for 33% (Figure 4). 
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Figure 4. Proportion of environmental consumption by 
sector in Burundi. 

4. Sewage Sludge Production and Management in  
Bujumbura  

In this section, we first surveyed the major sources of sewage, collection modes 
used, and treatment methods. Then, we gathered the quantity of sludge pro-
duced, the treatment mode, disposal method, as well as existing utilizations.  

4.1. Sewage Production in Bujumbura 

Sewage in Bujumbura is produced by its population currently estimated at 
1,012,996 inhabitants with a growth rate reaching 6.17%, and by the major 
companies and factories of the countries such as the Brasserie du Burundi 
(BRARUDI), the Bujumbura slaughterhouse (SOGEAB), the tannery 
(AFRITAN), and the textile factory (AFRITEXTILE) [12].  

A report of 2012 estimated that 75,000,000 m3 of sewage was produced 
throughout Bujumbura city each year, but the collection capacity from the sewer 
grid was only 11,000,000 m3 per year. Of this quantity of sewage collected, only 
1,020,000 m3 was treated per year by the wastewater treatment plant due to the 
non-connection of some neighborhoods to the sewer grid [8]. 

4.2. Sewage Collection Modes 

There are currently three modes of sewage collection which are pit-latrine, sep-
tage (autonomous mode), and sewer grid system (collective mode). In 2018, the 
collective mode represented 30% while the autonomous mode represented 70% 
using pit-latrines (Figure 5(c)). Greywater is conveyed by the collective mode 
but the black-water is transported by collective according to its availability and 
accessibility. The Communes producing higher amounts of sludge are not the 
ones having denser collective grid, or do not even have access to it (Figure 5(a)) 
and Figure 5(b)). For instance, Ngagara does not produce higher amount of se-
wage (Figure 5(a)) but has more wastewater transported by collective mode, 
which might be due to the relatively higher availability of collective network 
[12]. 
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(a) 

  
(b)                                                              (c) 

Figure 5. Maps of sewer grid availability, black water production and fecal sludge collection mode in the Communes of Bujum-
bura. (a) Centralized grid availability. (b) Black water distribution (c) Sludge collection mode. 
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The configuration of the autonomous systems used by households in the city 
of Bujumbura and the results show that the households that use the septic tank 
own the water from the Regideso (the national company for water and electricity 
supply) to the house, the habitat is mainly of high standing or medium standing 
and the sludge emptying is done by specialized truck with unloading in the 
WWTP. On the other side, those who use the pit-latrine get their water supply 
by a public faucet in general, the habitat is mainly low standing and when the la-
trine is full, they make another pit or empty the sludge manually with illegal 
dumping [9]. The domestic gray waters indistinctly consist of a discharge into 
the gutters without any treatment. 

Regarding sewage pumping stations (PS), the city has altogether 4 PS that 
work in series (PS2 and PS3 to PS1 to PS4). Pumping station N˚4 is located at 
the Buterere wastewater treatment plant (WWTP). Due to the incomplete con-
nection to sewage sources, the station is underused, the volume of treated water 
remains less than its capacity and as a result, issues related to sanitation and cli-
mate change remain [12]. 

Besides the amounts received through the collective network, there are seven 
private emptying companies (BGC, SEE, Marcus, Andrew cat, Mbasha, RUKARA, 
BUNIB) that discharge 2000 m3 per month, in the lagoons of the Buterere 
wastewater treatment plant. 

4.3. Treatment and Disposal Methods 

The sewage treatment plant of Bujumbura (known as Buterere WWTP) is for 
the time being the unique existing plant in Bujumbura, and in Burundi as a 
whole. This plant is using a technique of biological lagooning, and the system 
consists of six anaerobic lagoons, arranged in parallel 3 to 3, receiving raw se-
wage. Sludge deposits are constantly formed, that need to be removed regularly. 
Technical problems were affecting the plant’s efficiency at the time of this study, 
but maintenance and rehabilitation projects were about to begin. When a func-
tioning failure occurs in such system, as the amount of sludge increases, the re-
tention time in the lagoon decreases, impacting the sewage treatment process. 
Moreover, when there is decrease of retention time in the lagoons, the bacteria 
do not have the time necessary to transform the organic matter, and conse-
quently, at some point sludge has to be evacuated from the lagoons before being 
taken to the drying beds, where it is treated to reduce its volume.  

Despite the rapid city expansion and population increase in Bujumbura, the 
development of sanitation facilities does not seem to be following the pace. Data 
of a six-year period between 2011 to 2016 indicate that among the facilities, only 
the sewer grid increased in length from 145 km to 200 km, the number of la-
goons, drying beds and pumping station remaining constant (Table 2). Over the 
same period, the quantity of sewage emptied by autonomous systems increased 
sharply, whereas the quantity of sewage treated at Buterere WWTP showed 
opposite trend from 2014 to 2016 (Figure 6 and Figure 7). 
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Table 2. Sewage collection and treatment facilities and their evolution. 

 2011 2012 2013 2014 2015 2016 

Length of the Network (km) 145 145 145 200 200 200 

Lagunas (number) 6 6 6 6 6 6 

Drying beds (number) 18 18 18 18 18 18 

Pumping station (number) 4 4 4 4 4 4 

 

 
Figure 6. Sewage emptied by autonomous systems. 

 

 
Figure 7. Quantity of sewage treated at Buterere WWTP. 
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4.4. Conventional Treatment 

The sludge released by WWTPs still has a high moisture content, typically of 
80% after process in thickening and dewatering units, which allow the produc-
tion of dewatered sludge with an approximate solid’s concentration of 20% - 
30% [13] [14]. To reduce this moisture content, generally the drying process is 
applied before disposal. Drying constitutes an important process for wastewater 
sludge management, as it can reduce significantly the mass and the volume of 
the product, and consequently the cost of storage, handling, and transport [14] 
[15]. The different techniques of drying are natural drying (also known as solar 
drying), mechanical drying, thermal drying [16] [17] [18]. In other cases, only 
storage is used in many options such as a silo, bag, storage area, tank, tarp, shed, 
bucket, geotube, laguna, or decanter [18]. Options for the sludge treatment 
process are plenty and the final choices are mainly guided by the ultimate dis-
posal goals [19]. For instance, the processes of dewatering, composting, and 
drying will be important for agricultural use, whereas dewatering and drying will 
be important for incineration options (mono- and co-incineration) [19] [20].  

The selection of appropriate technology for sludge management depends on 
the minimization of total capital cost but other important factors such as local 
geography, climate, land use, regulatory constraints as well as public acceptance 
of various practices, frequently play an equally significant role [21]. In countries 
that are technologically less developed, direct agricultural application or landfil-
ling are still the typical pathways to safely dispose of stabilized sludge from 
wastewater treatment [22]. However, studies suggest that sludge should not be 
sent to the agricultural sites given the number of micronutrients contained such 
as iron, zinc, copper, and manganese and macronutrients such as carbon, nitro-
gen, and phosphorus [16] [23] [24]. Therefore, in countries where policymakers 
had practically forbidden such solutions (e.g., the European Union), only ther-
mal disposal methods are available [22]. The thermochemical conversion of se-
wage sludge consists of four main processes: combustion, co-combustion, pyro-
lysis, and gasification [22].  

Incineration of sewage sludge (70%) and landfill application is the main dis-
posal route in Japan, while in South Korea sewage sludge was dumped into the 
sea until 2012, but since past few years there was a shift towards landfill applica-
tion [25]. Whichever process chosen should be friendly to the environment. For 
instance, if the landfill is selected, it should be sanitary with a leachate treatment 
system consisting of processes that generate a sludge which must be disposed of 
in a way that minimizes its environmental impacts [26] [27]. 

5. Assessment, Basis, and Scope  
5.1. Scope Definition 

This section presents the potential indicators assessed in Bujumbura, and the 
systematic approach used to reach the objectives of the study. First, our refer-
ences are official reports and relevant papers reviewed. One of the major chal-
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lenges was the discrepancies observed in reviewed scientific studies which some-
times leads to confusion. Therefore, among the tones of studies published on 
sewage treatment and disposal methods, we selected one, a comprehensive study 
conducted in China, in 2015 [27]. The treatment and disposal routes used in 
China were then used as the basis of our study (Figure 8). 

The results showed that in the context of China, Technical Route 1 (TR1) 
demonstrated great potentials to be the main technical route of sludge treatment 
and disposal, because if it was adopted in the whole China, more than 2.5 billion 
m3 of biogas would be produced within one year, which can generate more than 
4 billion kWh electricity [28]. The same seven routes were adopted to serve as 
references to this study, in the analysis of the suitable route for our study area, 
Bujumbura city. Thus, the study proceeded with an assessment of advantages 
and disadvantages of each of these routes to the key relevant characteristics in-
cluding weather conditions, local policies and priorities, investment cost versus 
local financial situation, their environmental impact rate, etc. Thus, we needed 
to define the key factors to consider when selecting a route for a specific city or 
region. 

5.2. Key Factors Selected 

To assess the above-presented routes, key indicators (hereinafter referred to as 
factors) were selected and analyzed. We reviewed the current local and interna-
tional policies and priority sectors applicable in Bujumbura, especially those 
listed in the National Development Plan 2018-2027 [7]. 

5.2.1. Factor 1: Energy  
Currently, the energy sector in Burundi is mainly dominated by traditional 
energies (wood, charcoal, biomass, etc.) and modern energy (electricity and pe-
troleum products). About 98% of the population, both urban and rural, use 
wood and charcoal as a source of energy especially for heating and cooking food; 
which accentuates the deforestation estimated at 2% per year in 2013-2014. Of a 
hydroelectric potential estimated at 1700 MW, only 300 MW are technically and  
 

 
Figure 8. Main technical routes of sludge treatment and disposal in China [28]. 
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economically exploitable. The installed electrical power is currently close to 50 
MW, including 32.9 MW of national production of hydraulic origin. Electricity 
consumption is very low and is less than 30 kWh per capita per year, which is by 
far below the African average estimated at 150 kWh per capita per year. The 
electricity access rate is less than 5% of the population and the number of 
households with access to electricity is estimated at 7% corresponding to 52.1% 
of urban households and 2% of rural households [7].  

Various energy development initiatives were introduced in the country since 
several decades ago, but the goals are not yet attained due to different crises that 
had been destabilizing the country. For instance, biogas technology was intro-
duced in Burundi in the 1980s through a biogas project. From 1983 to 1995, 
more than 300 digesters were already installed across the country. The project 
aimed to contribute in solving the problem of energy supply and sanitation in 
rural areas. The raw material for the functioning of the first biogas plants con-
sisted of animal waste. The biogas produced was mainly used for cooking and 
lighting. But, the socio-political crisis of 1993 did not allow the further develop-
ment of this technology. 

The development of the sector has great potential but faces several challenges: 
1) increasing the energy supply; 2) demographic pressure; 3) rehabilitation and 
construction of infrastructure; 4) control of energy losses and production costs; 
5) control of the petroleum products costs; 6) capacity building of personnel in 
the energy sector; 7) diversification of energy sources; 8) upkeep and mainten-
ance of energy equipment; 9) the rational use of traditional energy sources 
(wood, charcoal,) and 10) the mitigation of climatic disturbances [7]. 

The historical data from 1996 to 2020 give an insight on how the energy sector 
evolution has always been characterized by a lack of a steadily progressive trend 
(Figure 9). Being dominated by hydropower, apparent reduction in energy 
availability is observed between July (mid-long dry season) and January (short 
dry season). This gap can be balanced by the development of solar energy and 
other forms of energy from the local resources. The imported energy from the 
hydropower dams shared with neighboring countries is the back born of the 
sector, by continuously contributing more than 50% of the total national pro-
duction (Figure 10). 

Electricity is still a bar of gold in Burundi, which brought different actors to 
search the resources available. Thus, the following biomass activities, including 
our case, were pointed out in a UNDP’s energy development report, to be inter-
esting: electricity production based on waste by direct burning or by methana-
tion, peat-based electricity production, the use of sugar cane residues (bagasse) 
to produce electricity. 

In conclusion to this fact, it is obvious that any technology contributing to the 
energy sector in Bujumbura would be supported. Thus, here the special consid-
eration would be given to the routes involving anaerobic digestion, incineration, 
pyrolysis or gasification, the four major technologies focusing on energy recov-
ery. 
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Figure 9. Evolution of electricity availability in Burundi in Mega Watts (Source: ISTEEBU, the Institute of Statistics and Economic 
Studies of Burundi). 
 

 
Figure 10. Electricity production inside and from outside of Burundi. 

5.2.2. Factor 2: Local Relevant Priorities  
We reviewed the top priorities of the moment which are in relationship with se-
wage sludge utilizations and the processes involved by different treatment and 
disposal routes defined in this study. There were no restrictions found in regard 
to technologies used by conventional methods. On the contrary, the NDP men-
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tioned two ultimate points: 
- Biomass is one of the identified sources of energies to be developed, along 

with solar energy. 
- Measures related to combatting climate change (SDG 13) are one of the 

priority targets at the national level for SDGs considered.  

5.2.3. Factor Three: Local Weather Conditions 
Weather conditions are one of the influencing factors when selecting a sludge 
treatment and disposal process. Burundi has been endowed with a tropical cli-
mate, which is a huge asset for sludge drying, given that using free solar energy 
for wastewater sludge drying can be a benefit in point of view of energy con-
sumption and consequence on the cost of the drying system [15]. Therefore, the 
main indicators of weather conditions were surveyed: temperature, climate/ETo 
(evapotranspiration rate), humidity, sunshine, and radiation (Figure 11). The 
minimal and maximal temperatures remain respectively about 17˚C and 29˚C, 
whereas solar radiation oscillates between 15 and 20 MJ/m3/day. Statistics of 
annual temperature variation in Bujumbura obtained in the ISTEEBU database 
confirmed the software results viability, by even showing times where maximal 
temperatures reached 35˚C in 2007, 2008, 2010 and 2013 (Figure 12). These 
conditions are very favorable for sludge drying with natural method. 

5.2.4. Factor Four: Financial Context 
This section is the most critical one and is a common challenge for most devel-
oping countries. Burundi’s GDP (gross domestic product) was estimated at 3.012 
billion USD, and the GDP per capita at 261.247 USD in 2019 (World Bank Da-
ta). To better understand this economic constraint, one can look at the budget 
required to build an incineration plant, one of the top-rated methods presently. 

Waste-to-Energy International, basing on their construction experience and 
contacts with world top producers, provides an empirical formula to estimate 
the cost of incineration plant [29].  

0.77532.3507I C= ×                        (1) 

where: I is the investment cost in million dollars and C is the plant capacity 
(1000 metric tons of waste/year). 

For instance, if we want to calculate the cost of a 100,000 tpa (tons per an-
num) plant, then C = 100 (capacity in 1000 metric tons of waste/year). By a di-
rect application, I = 83.5 million USD. 

So, CAPEX (capital expenditure) of a typical 100,000 tpa MSW incineration 
plant is 83.5 million USD. 

The final total cost of the plant would be even higher since it depends multiple 
factors including location, country, type of incineration technology selected, 
usage of generators, boilers, and other peripheral equipment by local suppliers, 
architectural solutions, waste composition, and moisture, etc.  

The data below show clearly how the construction of one incineration plant 
can be estimated at almost 6 times the annual budget of the then supervising  
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(a) 

 
(b) 

Figure 11. Monthly weather parameters variation in Bujumbura in 2021. (a). Map of the visualized site (see red point) with 
CLIMWAT 2.0 and CROPWAT 8.2 software duo-program developed by FAO. (b). Results for the five weather parameters sur-
veyed. 
 

ministry of this sector (the then Ministry of Water, Environment and Territorial 
Management) (Figure 13). 

5.2.5. Factor Five: Environmental Impact Rate 
The most commonly used environmental impact categories in LCIA (Life Cycle 
Impact Assessment) studies for sludge are acidification, eutrophication, global  
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Figure 12. Annual temperature variation in Bujumbura (Data source: ISTEEBU). 

 

 
Figure 13. Budgetary allocation within MEEATU (the then ministry of water, 
environment and territorial management). 

 
warming, photochemical ozone formation, ozone depletion, ecotoxicity, and re-
source consumption [30]. Well evidently, LCIA is meant to cover pollution at all 
the three major bodies of the environment (water, soil, and air). The seven 
treatment and disposal routes analyzed in this study have a higher or lower im-
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pact rate in different categories, according to the treatment processes and/or 
disposal mode applied.  

The location of Bujumbura on the shore of Lake Tanganyika, a lake of an area 
larger than Burundi as a whole, arouses particular concerns for options leading 
to the pollution of this lake, on which the life of Bujumbura residents depends. 
The land slope allows runoff water and waters from flooding to easily vehiculate 
waste to the lake, land application of sludge should be avoided. Biosolids, in par-
ticular, have major drawbacks for use in agriculture and other applications; as a 
result, studies suggest that sludge or biosolids be sampled, controlled, and mo-
nitored for contaminants on a regular basis (pathogens, heavy metals, etc.). The 
most comprehensive sludge management studies show that land application is 
an important contribution to global warming, eutrophication, and acidification, 
despite their important role in energy production and crop production [27] [30]. 
This is the case of TR1, TR3, and TR5. 

Conventional disposal methods such as incineration being known for involv-
ing enormous capital investment, the common challenge remains to minimize 
environmental impacts and economic cost of the process. It is important to 
know that for the time being, under any assumed local conditions, no such 
strategy can simultaneously reduce all environmental impacts [31]. 

Incineration is estimated as one of the best disposal methods for offering a 
higher mass solid reduction rate. However, scenarios involving incineration emit 
substances that impact mainly on human toxicity and ecotoxicities compared to 
other scenarios but if the energy is recovered and reused, the energy and heat 
produced can be used to offset the cost of emissions control. Flue gas must be 
well controlled, and bottom ash should be disposed of properly [27].  

The last group comprises options using landfills. Landfilling can be a friendly 
disposal method if landfills are equipped to treat leachate and recover the pro-
duced biogas [27]. The maximum efforts should be made to achieve as much as 
higher impact reduction. Thus, if the landfill is selected, the leachate treatment 
system inevitably will consist of processes that generate a sludge which must be 
disposed of in a way that minimizes its environmental impacts [26].  

6. Discussion 

The study analyzed seven sewage sludge treatment and disposal routes (TR), 
which are: thickening-anaerobic digestion-dewatering-land application (TR1), 
thickening-conditioning-dewatering-sanitary landfill (TR2), thickening-condi- 
tioning-dewatering-anaerobic digestion-land application (TR3), thickening-con- 
ditioning-dewatering-drying-incineration (TR4), thickening-conditioning-de- 
watering-drying-land application (TR5), thickening-conditioning-dewatering- 
incineration-sanitary landfill (TR6), and thickening-conditioning-dewatering- 
drying- sintering- building materials (TR7).  

Basing on the characteristics of the study area and the literature review, five 
factors estimated the most influential were used to analyze the suitability, ad-
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vantage, and disadvantages of each of the seven routes designed. They are then 
summarized in Table 3. 

Incineration and landfill are currently the most rated methods, for offering a 
good sludge disposal with lower environmental impacts. However, this study 
found that the capital investment for an incineration plant is too high for the fi-
nancial capacity of the country, since a normal incineration plant may require an 
estimated budget higher than 6 times the total annual investment budget of the 
supervising ministry. A landfill is the remaining option in our target to offer a 
proper disposal, with precaution that leachate should be properly handled.  

TR1, TR3, and TR5 have one characteristic in common, land application. Sev-
eral studies have demonstrated that the environmental impact generated by this 
practice is higher. The local environmental code as well as the international ones 
already ratified do not support such methods, and the location of the city on the 
shore of Lake Tanganyika, slope, flooding phenomenon in the city, etc., all these 
amplify the risks for water pollution, leading to health issues. TR1 and TR3 in 
this trio to offer the possibility of energy recovery (anaerobic digestion), using 
sanitary landfilling instead of land application could be a good idea, to reduce 
environmental hazards. A study proved this energy potential when biogas was 
used to produce both electricity and heat, by covering 65% of the plant electrical 
demand, and heat (100% of the plant requirements) [32].    

TR2 is a decent disposal route. It does not neither use energy recovery nor dry 
sludge before disposal. This option might be characterized by a higher cost and 
difficulty in transporting sludge with higher moisture content. 

TR4 and TR6 have incineration in common. TR4 has drying before incinera-
tion, which can profit the weather potential of the area, whereas TR6 does not 
dry but has landfilling after incineration. It can be estimated that TR4 offers 
energy recovery which can be sold to offset the system’s running cost. TR6 is not  
 

Table 3. The assessment matrix for suitability in key identified aspects. 

Selected 
routes 

Energy 
recovery 

Local policies and 
priorities 

Benefit from 
local weather 

Environmental 
impact 

Affordability Key observations 

TR1 ✔ □ □ ✖ ✔  

TR2 □ ✔ □ ✔ ✔ 
For landfilling, leachate should be 
controlled and treated properly [26] 

TR3 ✔ □ □ ✖ ✔  

TR4 ✔ ✔ ✔ ✔ ✖ 
Impact reduced if energy recovered 
and reused [27] 

TR5 ✖ □ ✔ ✖ ✔  

TR6 ✔ ✔ □ ✔ ✖ 
Including drying process could 
increase the score 

TR7 □ □ ✔ □ ✔ 
A survey would be necessary to 
assess the market viability [33] 

Table Legend: ✔: An advantage offered by the route to a factor; ✖: A drawback or incompatibility □: Available potential for the TR; □: No observation. 
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likely able to run the system at a low cost since heating sludge with high mois-
ture content consumes enormous amount of energy. 

TR7 has a unique disposal mode, using sludge for building materials. This 
scenario depends on the local market situation [33]. A survey in the population 
of Bujumbura could be the best way to conclude if the people would accept these 
materials since their durability as good as the currently used ones. 

Among the seven routes analyzed, it is apparent that none is entirely compati-
ble to the area studied. However, by simply modifying TR2, adding anaerobic 
digestion for energy recovery, and drying process which is cost-free with solar 
drying, we obtain a treatment and disposal route that can be recommendable for 
Bujumbura. That is, a route such as “thickening-anaerobic digestion-dewater- 
ing-drying-sanitary landfilling” would be a good choice. Further studies would 
be needed to estimate the biogas potential rate of the produced sludge, prior to 
system set up.  

7. Conclusion 

The approach proposed in this study aimed to find the most adapted sewage 
sludge treatment and disposal route, economically and environmentally friendly 
for sustainability. It is in the perspective of solving the dilemma caused by dis-
crepancies observed in this area. Based on the seven routes widely used in China, 
this research analyzed each of them to each factor from the selected ones for the 
study area. The geographical position and the topographic condition of Bujum-
bura city in regard to Lake Tanganyika, put in danger the health of its residents 
when wastes are discharged directly or indirectly into Lake Tanganyika, on 
which life in Bujumbura and other cities around depends on drinking water. 
Polluting this lake results in higher water treatment costs or simple failure to 
supply clean water. Therefore, options using land application should be avoided 
de facto. Some methods of the conventional wastewater sludge treatment and 
disposal routes involve higher capital investment, especially incineration which 
was found not recommendable for Burundi, since it could cost the country up to 
6 times the total investment budget of the supervising ministry. Regarding dis-
posal, landfilling is estimated preferable with strict control of leachate. Thus, this 
study concluded that a route using anaerobic digestion, natural drying and land-
filling would be a good choice for Bujumbura city. 
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