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Abstract 
The Ouaga East thermal power plant uses heavy fuel oil (HFO), which requires 
preheating before injection into the centrifugal separators. Given the climatic 
environment, the plant experiences large daily ambient temperature variations 
ranging from 23˚C to 41˚C, with peaks often reaching 45˚C. Consequently, a 
fixed setpoint temperature of 95˚C leads to dangerous exceedances of the 
safety limit (>98˚C) in the afternoon and reduced separation efficiency at 
night. In this study, we propose an adaptive control strategy in which the set-
point is modulated in real time and maintained between 92˚C and 98˚C, with 
a simulation duration of 48 h. The thermal model is validated with an average 
RMSE of 1.09˚C, a bias of −0.14˚C, and an R2 of 0.788. The results show that 
the HFO temperature is maintained within the optimal range during the sim-
ulation time, versus 77.6% for the fixed setpoint. Moreover, the separation ef-
ficiency remains unchanged. A deterministic economic analysis shows an an-
nual gain of €32,449 (21.3 million FCFA) through energy savings (12.85%), 
reduced maintenance (46%), and avoided production losses (41.15%). A 
Monte Carlo simulation yields an average gain of €19,701 with a 90% confi-
dence interval. The required investment is less than €4000, resulting in a pay-
back period of less than one year. Adaptive control is therefore a simple, ro-
bust, and immediately cost-effective solution for improving the performance 
and safety of thermal power plants in Sahelian climates. 
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1. Introduction 

Like other West African countries, Burkina Faso’s electricity supply is largely en-
sured by thermal power plants, especially during the dry season when hydroelec-
tricity drastically decreases. The Kossodo thermal power plant (Ouagadougou), 
with a nominal capacity of 112.7 MW, covers nearly 73.86% of the energy demand 
of the Ouagadougou Regional Consumption Centre (CRCO) [1] [2]. It operates 
mainly on heavy fuel oil (HFO) because of its lower cost compared to diesel [1] 
[2]. However, the use of HFO under the sahelian climate conditions of Ouagadou-
gou presents specific challenges related to the large variations in ambient temper-
ature, which directly affect fuel viscosity and consequently the performance of 
treatment systems, namely centrifugal separators [3] [4]. Indeed, HFO contains 
impurities (water, salts, solid particles) that must be removed by centrifugal sep-
arators before injection into the engines in order to protect the injectors and in-
ternal components [5]. The efficiency of this separation strongly depends on the 
viscosity of the HFO, which itself is a function of temperature. Generally, preheat-
ing reduces viscosity and improves separation, up to a certain temperature thresh-
old. Manufacturers recommend treatment temperatures of about 98˚C for stand-
ard HFOs, with an upper limit set by the flash point. The regulatory minimum 
flash point of HFOs is 60˚C [6] [7], with a safety margin of 10˚C. Below 60˚C, the 
viscosity becomes too high, separation is incomplete, and the risk of fouling in-
creases. Above 98˚C, there is a fire risk and rupture of the purifier’s hydraulic seal. 

Ambient temperatures in Ouagadougou can vary from 23˚C at night to over 
39˚C during the day, with heat peaks reaching 44˚C from March to June. These 
variations change the preheating requirements for HFO. In most power plants, 
the preheating setpoint of 98˚C is fixed for nominal operating conditions. This 
fixed setpoint is often unsuitable for diurnal fluctuations: in the afternoon, the 
high ambient temperature causes the HFO temperature to exceed 98˚C (safety 
risk); at night, the HFO can drop below 85˚C, reducing separation efficiency. At 
the Ouaga East thermal power plant, operating reports indicate recurrent separa-
tor failures that often lead to the shutdown of 1 out of 3 separators for more than 
one month [1]. These reports also mention recurrent failures of separation discs, 
bearings, seals, excessive sludge deposits, and costly maintenance, without a clear 
link to the thermal regulation strategy. 

Recent scientific literature extensively addresses the viscosity and treatment 
temperature aspects of HFO. Although the studies conducted focus more on tem-
perate or maritime climates where the main problem is heating in cold weather, 
the following lessons can be drawn: 
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Albin Fransson and Peter van der Brug in 2023 [8] investigated the systematic 
optimization of an existing preheating system. Their work examined the feasibility 
of replacing a 5000 cSt fuel with a 74,500 cSt fuel. The results showed that optimi-
zation of the preheating system, with the addition of an additional heat exchanger, 
is necessary to maintain efficiency as temperatures increase. Lei Zhou et al. [9] 
conducted a study on the effects of HFO and diesel properties on spray and com-
bustion characteristics under operating conditions of a two-stroke marine engine. 
The performance of the fuels was studied under different ambient pressures, am-
bient temperatures, and other parameters. It was found that the combustion per-
formance of HFO is sensitive to activation energy only at high engine speeds, and 
that ambient temperature and fuel temperature have negative effects on the Sauter 
mean diameter (SMD) distribution. 

An experimental study by Jia Deng et al. [10] on the effect of ambient temperature 
on the macroscopic spray characteristics of low-sulfur HFO shows that ambient 
temperature has a negligible effect on spray penetration and cone angle, unlike am-
bient air density, which has a major impact. A numerical study conducted by Youse-
fifard et al. [11] highlights the effect of back pressures and ambient temperatures in 
the separator chamber on the spray characteristics of non-reactive HFO injected at 
high pressure. High ambient temperatures increase the spray penetration length 
regardless of the back pressure value in the chamber. Xiao Yu Chen et al. [12] 
examine the combustion characteristics of droplets of a mixture of HFO with 10% 
- 30% methanol. They find that the ignition delay and droplet lifetime of HFO and 
methanol/HFO decrease with increasing ambient temperature. Viktor Genkulov 
[13] studied the influence of HFO and MFP-HFO preparation modes on the op-
erational reliability of engines. The results indicate that controlling both the sep-
aration temperature (98˚C) and the flow rate (70%) significantly reduces the prob-
ability of seizing on cylinder liners. The work of Zobayer Eusufzain et al. [14] fo-
cused on optimizing the efficiency of HFO separators in oil systems. This study 
shows that the HFO inlet temperature and the bowl rotation speed have a positive 
impact on separator performance. Noor Basheer Mohamed et al. [15] investigated 
possibilities for improving fuel properties and combustion systems in marine en-
gines and boilers. For this, light diesel (LD) was mixed with heavy diesel (HD) to 
reduce fuel viscosity, and a mixture of 50% LD and 50% HD was also prepared. 
Evaluation of burner performance and exhaust emissions when heating the fuel 
to 50˚C, 70˚C, and 90˚C showed that the thermal efficiency of the LHD fuel is 
directly proportional to temperature, without addressing the critical preheating 
temperature which depends on flow rate and fuel viscosity. The work of Saleh, S. 
A. A. et al. [16] focused on improving the performance of a heat exchanger used 
as an exhaust gas heat recovery device to preheat heavy fuel oil in a brick factory. 
The HFO inlet temperature to the heat exchanger was set at 40˚C; therefore, they 
did not consider ambient temperature fluctuations in their evaluation. The study 
by Stewart et al. (2026) [17] quantified the operational gains resulting from a sys-
tematic optimization of preheating and separation. They achieved a 7.7% reduc-
tion in specific fuel consumption and a 43% decrease in unplanned engine shut-
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downs. These results validate an economic model with a payback period of less 
than five months for the installation of precise temperature control systems. In his 
PhD thesis, Kontoulis [18] investigated CFD modeling of HFO flow and combus-
tion in marine engines. He emphasized the thermophysical properties of the fuel 
and the effect of HFO preheating on spray development. 

In summary, very few studies have examined the risk of overheating associated 
with high ambient temperatures. Moreover, economic analyses of the potential 
gains from adaptive control are rare, particularly in the African context. Recent 
work confirms that a higher temperature improves the efficiency of HFO separa-
tors, but this practice is strictly constrained by safety limits (flash point) and op-
erational limits (fuel aging, energy consumption) to ensure safe and sustainable 
operation. 

Thus, this work aims to answer the following question: how can the HFO inlet 
temperature to the centrifugal separators of a Sahelian thermal power plant be 
optimized to maintain both high separation efficiency and safety, while quantify-
ing the economic benefits? To address this, we developed a validated simplified 
thermal model and then simulated fixed and adaptive control strategies over a 
representative climatic cycle for the city of Ouagadougou. Performance indicators 
such as HFO temperature, centrifugal separator separation efficiency, and time 
spent outside limits were determined. We also estimated annual gains and invest-
ment profitability using deterministic economic analysis and uncertainty analysis 
via the Monte Carlo approach. Finally, we propose practical recommendations for 
the Ouaga East plant and discuss the limitations and perspectives of this work. 

2. Materials and Methods 
2.1. Description of the Site and Equipment 

The study was conducted at the Ouaga East thermal power plant in Kossodo 
(Burkina Faso). The facility comprises eleven (11) generator sets of different 
brands (MAN B & W, DEUTZ, WARTSILA) with nominal powers ranging from 
3.8 to 18.9 MW. They are equipped with centrifugal separators of the purifier type 
(Alfa Laval, model PX G) [1]. These separators treat the HFO before injection into 
the engines [19]. The preheating system consists of electric heaters immersed in 
the supply circuit, regulated by a programmable logic controller (PLC) that main-
tains a temperature setpoint at the separator inlet. The viscosity of the HFO varies 
according to its quality; the more viscous the HFO, the higher the required heating 
temperature. Table 1 summarizes the physical constant values proposed by our 
previous work [1]: 

 
Table 1. Physical characteristics of the HFO at the Ouaga East plant. 

Kinematic viscosity at  
50˚C (mm2/s) 

Kinematic viscosity at 
98˚C (mm2/s) 

Density (kg/m3) 
Average  

water content (%) 
Nominal volumetric 

flow rate (m3/s) 

163.11 30.02 945.57 1.2 0.070 
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Figure 1 shows two images of the site, namely a separator and the unloading 
device. 

 

 
(a)                                  (b) 

Figure 1. Images of the components of the Kossodo thermal power plant: (a) Separator; (b) 
unloading device). 

2.2. Modeling of the Thermal Behavior of HFO 

To model the impact of ambient temperature variations on the HFO temperature 
downstream of the heater, we use a simplified approach that relates the HFO tem-
perature ( )T  at the separator inlet to the preheater setpoint temperature ( )pT
and to the ambient temperature ( )aT . The equation adopted is: 

 ( ) ( ) ( ) ,p a a refT t T t T t Tα  = + −   (1) 

The setpoint temperature pT  is chosen to achieve an ideal viscosity for cen-
trifugal separation. 

The coefficient α  (ranging from 0.2 to 0.8) is an empirical parameter that 
aggregates the influence of thermal losses from the installation (piping, equip-
ment) on the fuel [20]. 0.2α =  corresponds to a slow increase in the fluid tem-
perature as the outside temperature decreases [21]. The reference ambient tem-
perature ,a refT  is the average ambient air temperature for a typical year. Its value 
is 34.75 [22]. 

2.3. Climatic Profile 

The ambient temperature of the city of Ouagadougou was modeled by a sinusoidal 
function with a period of 24 hours, representative of the monthly averages during 
the hot season in Ouagadougou: 

 ( ) ,
2sin

2 86400a a ref
A tT t T φπ = + +  

  (2) 

With, 
A is the peak-to-peak amplitude, with a value of 21.3˚C [23]; φ  is the phase 

shift. It is obtained from the following formula: ( )0
2

2 86400 pict tφ π π
= − −  
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where tpic and t0 are the time at which the temperature peak is observed and the 
initial time, respectively. 

2.4. Performance Model of the Separator 

We use Andrade’s law [24] [25] to model the efficiency of solids removal by the 
centrifugal separator as a function of the dynamic viscosity of the HFO, which 
depends on temperature: 

 ( ) ( )
exp

C 273.15
B

T A
T

µ
µµ

 
=   + 

  (3) 

The parameters 42.4 cS9 10 tAµ
−= ×  and 4311 KBµ =  were calculated from 

the kinematic viscosity values in Table 1 above. The value of the constant Bµ  is 
low. This indicates a viscosity that varies less rapidly with temperature. Indeed, 
for the same temperature increase, the viscosity drop is more moderate. In other 
words, the HFO used at the studied plant is less thermally sensitive, and therefore 
heavier. 
 The separation efficiency η  (fraction of solids) is given by [14] [26]: 

 ( ) ( )min max
max

min max

0.99 if

1 1 if

if

ref
n

ref
ref

ref

T

µ µ

µ µ
η η µ µ µ

µ µ

η µ µ

≤


 −
= − −   −  
 ≥

    (4) 

This formulation reflects the following principle: 
 If 95 C 30 cPT µ→ →   the separation efficiency begins to decline. 
 If 95 C 30 cPT µ≥ → ≤ → maximum efficiency (99%). 

This highlights the value of adaptive control when it is cold (Ta,min), the fixed 
strategy causes T to drop below 95˚C, thereby degrading efficiency, whereas the 
adaptive strategy corrects this phenomenon. 
 Water separation efficiency: 

The water removal efficiency function was calibrated on eleven (11) measure-
ments of water content before/after the separator, performed at temperatures 
ranging from 55˚C to 110˚C in 5˚C increments. A logistic regression was used to 
estimate a half-efficiency temperature of 75˚C and a slope of 0.3 [14] [24]. Equa-
tion (5) provides the mathematical model used. Water evaporates more effectively 
as temperature increases. 

 
( )( )

1
1 exp 0.3 75e T

η =
+ − × −

  (5) 

 Fire Risk 
The fire risk is modeled by a logistic function defined by Equation (6), centered 

on the flash point of HFO, measured at 98˚C, with a slope of 0.8 [27]. 

 
( )( )

1
1 exp 0.8 98inc T

η =
+ − × −

  (6) 
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 Hydraulic Risk 
The hydraulic risk is modeled by Equation (7). It is centered on 105˚C, the max-

imum service temperature for seals and the lubrication system, with a slope of 0.8 
[28] [29]. This limit is consistent with the minimum viscosity range required for 
the pumps. 

 
( )( )

1
1 exp 0.8 105hyd T

η =
+ − × −

 (7) 

The overall separation efficiency is the product of the two efficiencies calculated 
above. 

2.5. Control Strategies 

Two strategies were compared: 
• Fixed setpoint: Tsat = 95˚C (commonly used value). 
• Adaptive control: the setpoint is adjusted in real time according to the ambient 

temperature: 

 ( ) ( )( )( )min max ,max ,min ,set a opt a a refT T T T T k T T= − −  (8) 

with, 95 CoptT =  , , 34.75 Ca refT =  , 0.34k = , min 85 CT =   et max 98 CT =  . 
Note that the operating band is the temperature interval [30]: [ ]85 C;98 C 

. 
The parameter k  is the adaptation gain of the setpoint law. It results from a 

constrained optimization that maximizes the average efficiency while ensuring 
that the HFO temperature remains within the safe and efficient zone. For example, 
k  equal to α  cancels the influence of the ambient (perfect compensation). 

We will retain two temperature thresholds: 
 a fire safety threshold ( 98 C 105 CT    , dangerous); 
 a process safety threshold ( 105 CT   , risk of hydraulic seal failure). 

2.6. Numerical Simulation 

We used Python version 3.11 for the simulation. The simulation period is 48 
hours, discretized into 2000 points. For each of the two control strategies, we cal-
culated the following quantities: 
 the HFO temperature at each time step; 
 the instantaneous separation efficiency of the HFO by the centrifugal separa-

tors; 
 the maximum temperature reached during preheating; 
 the fraction of time spent outside the range. 

2.7. Economic Analysis 
2.7.1. Scope and Basis for Conversion and Assumptions to Be Retained 
Table 2 defines the scope of the economic study. 

Energy and maintenance gains are calculated at the fuel treatment line level, 
avoided production is calculated at the entire power plant level, and the invest-
ment must be allocated to the treatment line (adaptive control system). 
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Table 2. Scope of the study. 

Parameter Consistent scope Justification 

Fuel flow rate 
Fuel treatment line  

(preheater + separator) 
Used to calculate the HFO heating power. This is not the flow rate of the 
entire power plant, but that of the fuel line. 

Preheater load Fuel treatment line set eT T T∆ = −  represents the preheating energy of HFO before separation. 

Investment Fuel treatment line 
Adaptive control, sensors, valves, and automation systems concern the 
preheater/separator, not the entire power plant. 

Avoided 
production 

Entire power plant 
A major failure of the fuel line can cause shutdown of the power plant. The 
production loss is therefore calculated based on the power plant capacity. 

Maintenance 
savings 

Fuel treatment line 
These costs are directly related to separation quality and fouling of the fuel 
line. 

 
We have retained €26,000/year for a 100% reduction in out-of-band time, i.e., 

€260/year per percentage point of reduction in out-of-band time. The 80% as-
sumption applies to the total failure cost (lost production + restart). 

2.7.2. The Variables Considered for the Economic Analysis 
The economic analysis focused on energy savings, maintenance, and production 
losses: 
 Energy savings: this is the difference in electrical energy consumed by the pre-

heater. It is obtained by performing the following successive calculations: 
 the instantaneous power: ( )m p set eP D C T T= − , where eT  is the HFO inlet 

temperature, close to aT ; 
 the fixed power: ( ),fixe m p set fixe aP D C T T= −  

 the adaptive power: ( ),ad m p set ad aP D C T T= −  

 instantaneous power savings (in W): eco fixe adP P P= −  

 energy saved over the simulation period (48 h): 
3600eco eco

tE P=  

 projection over one year (8760 h): ( ) ( )
,

Wh
kWh

1000
eco

eco an ex
E

E p f= × ×  where 

exf  is the extrapolation factor given by: 8760 48 182.5exf = =  and p  is the 
production cost per kWh of electricity. 

Table 3 below presents the production cost per kWh of electricity for different 
sources [31]. 

 
Table 3. Average production cost per kWh of electricity. 

Sources 
Solar 

photovoltaic 
Hydroelectricity 

Interconnection 
(import) 

Thermal 
(Diesel/Fuel) 

Average production 
cost (FCFA) 

15 39 64 105 - 160 

 
For the simulation, we set the production cost of electricity at 132 FCFA per 

kWh, i.e., 0.2 €/kWh. 
 Maintenance: reduction in the frequency of unloading operations (fixed sav-
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ing of 6,558,294 FCFA/year, i.e., 10,012€/year), savings on filters and seals 
(2,278,768 FCFA/year, i.e., 3479€/year) and on injectors and separation discs 
(3,122,242 FCFA, i.e., 4767€/year), proportional to the reduction in time spent 
outside the optimal zone. 

 Avoided production losses: this involves avoiding a major failure of 4 hours 
per year (lost production + restart cost). We set the average selling price per kWh 
at 150 FCFA, i.e., 0.23€/kWh. Our previous work [1] established a downtime rate 
of 30.3%, corresponding to a total downtime of 2654.28 hours per year. 

 It is estimated that the probability of a major failure is reduced by 80% thanks 
to adaptive control. 

The following steps are carried out to evaluate the losses: 
 lost production (kWh) = nominal plant capacity*failure duration (hours); 
 cost of lost production = lost production (kWh)*selling price per kWh; 
 total cost of a major failure = Lost production cost + Restart cost; 
 failure savings = total failure cost*risk reduction; 
 annual savings = annual energy saving + unloading saving + filter saving + 

injector savings + failure savings. 
 Payback period = expenses divided by the Monte Carlo average annual gain. 

2.8. Monte Carlo Uncertainty Analysis 

To account for the variability of economic parameters, a Monte Carlo simulation 
was performed: 
 Number of draws: 10,000; 
 Random seed: 42 
 Outputs are expressed in €/year. 

Dependency assumptions: 
The purchase and sale prices are positively correlated ( )0.7ρ = ; all other var-

iables are independent. The out-of-band reduction is derived from the determin-
istic simulation and remains fixed in the baseline Monte Carlo. 

The distributions used are presented in Table 4 below: 
 

Table 4. Distributions used for the economic analysis. 

Variable Distribution Parameters Bounds 

Purchase price of kWh (€/kWh) Truncated normal 0.2; 0.02µ σ= =  [ ]0.06;0.23  

Sale price of kWh (€/kWh) Truncated normal 0.23; 0.02µ σ= =  [ ]0.18;0.28  

Dependency Gaussian copula 0.7ρ =  on normal latent variables — 

Unloading gain Lognormal ( )ln 26000 ; 0.3µ σ= =  Truncated [0; 26,000] 

Filter gain Lognormal ( )ln 26000 ; 0.3µ σ= =  — 

Injector gain Lognormal ( )ln 10000 ; 0.3µ σ= =  — 

Risk reduction Beta A = 8, b = 2 
mean = 0.80;  

standard deviation ≈ 0.12 

Energy savings (kWh) Deterministic derived from the 48-h simulation 
Normal with mean  

20,848 kWh, σ = 10% 
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We will calculate the gains for each draw, then analyze the distribution (mean, 
standard deviation, percentiles). 

3. Results and Discussion 
3.1. Evolution of HFO Physical Parameters and Separation  

Efficiency 

Figure 2 presents the evolution of the kinematic (cSt) and dynamic (cP) viscosities 
and the separation efficiency of the HFO as a function of the temporal evolution 
of the HFO temperature at the separator inlet. The viscosities decrease exponen-
tially with fuel temperature, in accordance with the law in Equation (3). The 
threshold value of 30 cP is reached for a temperature of 62˚C. Below this value, 
flow becomes difficult, increasing pressure in the circuits and reducing atomiza-
tion. Above 80˚C, viscosity decreases further but gains become marginal. These 
observations justify a minimum heating temperature around 70˚C to 80˚C to en-
sure good atomization without unnecessary overheating. Moreover, the water sep-
aration efficiency increases with temperature because settling is facilitated by the 
decrease in viscosity and the increase in the water/HFO density difference. It ex-
ceeds 90% around 85˚C. The solids separation efficiency exhibits non-monotonic 
behavior: almost constant at low temperatures ( )60 C 

 where high viscosity re-
tains particles, it increases slightly then drops when viscosity becomes too low to 
trap solids. The overall efficiency is the geometric compromise of the two: it peaks 
around 80˚C then decreases slightly. This result shows that an excessively high 
temperature ( )90 C 

 no longer improves overall separation and can even de-
grade it, justifying a narrow target range. 
 

 
Figure 2. Separator performance curves: (a) HFO viscosity as a function of temperature; (b) Centrifugal separator perfor-
mance. 

3.2. Comparative Performance of Control Strategies 

 Operational risks and critical zones 
Before examining the impact of the control strategy on HFO separation effi-
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ciency by the separators, Figure 3 presents the operational risks and critical zones 
to be considered for the analysis of the results. Thus, according to the HFO tem-
perature zones, the following legend was adopted:  

[50; 60], red: Very poor separation;  
[60; 85], orange: Poor separation;  
[85; 92], yellow: Acceptable separation;  
[92; 98], light green: Optimal range;  
[98; 105], dark orange: Fire hazard;  
[105; 115], red: Fire + hydraulic hazard. 
The separation risk is high at temperatures below 70˚C and decreases to a min-

imum around 85˚C - 90˚C. The hydraulic risk remains negligible up to 100˚C and 
then increases sharply as 105˚C is approached (partial vaporization, cavitation). 
The fire risk becomes significant above 95˚C and increases strongly after 98˚C. By 
superimposing the three curves, the zone of minimal risk is obtained between 
85˚C and 98˚C, which corroborates the operating band. Beyond this range, fire 
risk dominates; below it, separation risk degrades fuel quality. 

The overall efficiency curve alone could suggest that a temperature of 80˚C is 
optimal. However, the mapping of the zones reveals that the safe operating range 
is shifted toward 85˚C - 95˚C. This illustrates the compromise between per-
formance and safety: the operational optimum is not the maximum efficiency, 
but the point where risks remain acceptable while maintaining sufficient effi-
ciency. 

 

 
Figure 3. Operational performance zones: (a) Operational risks, (b) Critical operating zones. 

 
 Control strategies 

Figure 4(a) reproduces the sinusoidal profile of the ambient temperature in the 
city of Ouagadougou, with a minimum of 22˚C around 6 a.m. and a maximum of 
44.5˚C in the afternoon. This 22.5˚C variation has a direct impact on the HFO 
temperature, because the heating system must compensate for thermal losses and 
the variation in inlet temperature. Figure 4(b) presents the evolution of the HFO 
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temperature during the first 12 hours of the day according to the two control strat-
egies presented in Section 2.5. The fixed regime maintains a setpoint of 95˚C, but 
when the ambient temperature exceeds 40˚C, the HFO temperature exceeds 98˚C 
and enters the fire risk zone. The adaptive control then lowers the setpoint to keep 
the temperature below 98˚C, while remaining above 92˚C. This anticipation is 
crucial to avoid dangerous excursions while maintaining good separation effi-
ciency. The slight time lag between the ambient temperature and the adaptive 
control response illustrates the time constant of the heating system. 

 

 
Figure 4. Temperature profile: (a) Ambient temperature; (b) Zoom of the HFO temperature over the first 12 hours. 

 
To better observe the impact of adaptive control, we track the HFO temperature 

profile over 48 h in Figure 5. With the fixed control model, the HFO temperature 
remains almost at 95˚C, but regularly exceeds 98˚C during hot periods, thus en-
tering the fire risk zone. The adaptive model curve follows a lower and more stable 
trajectory: it remains within the optimal zone and never exceeds 98˚C, even when 
the ambient temperature is high. 

 

 
Figure 5. Control strategies: (a) Comparison of control strategies; (b) Setpoint evolution.  
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As an illustration, Table 5 presents the performance indicator values for the 
two control strategies. The efficiency of the adaptive control is more stable. In-
deed, the fixed strategy maintains a higher average temperature of 96˚C, which 
promotes better water/solids separation in steady state. However, this average 
conceals a major problem: the fixed control spends 22.4% of the time outside the 
safety zone, exposing the installation to risks of fire, equipment degradation, and 
unplanned shutdowns. 

 
Table 5. Performance indicators. 

Indicator 
Fixed control  

(setpoint 95˚C) 
Adaptive control  

(k = 0.34) 

Average HFO temperature (˚C) 96.4 94.0 

Standard deviation of fluctuations (˚C) 1.49 1.04 

Average separation efficiency (%) 99.6 99.7 

Time outside optimal zone (%) 22.4 0.0 

 
These results clearly demonstrate the advantage of adaptive control over a fixed 

setpoint in a Sahelian climate with high thermal variability. The optimal temper-
ature range [92˚C - 98˚C] is respected almost throughout the entire 48 hours with 
the proposed strategy, compared with less than 80% with the fixed setpoint. This 
gain is directly related to the compensation of the ambient influence by the term 

( ),a a refk T T− × − . The value k = 0.2 (equal to the coefficient α) effectively cancels 
the sensitivity to variations in Ta, as shown by the equation: 

 ( )( ),opt a a ref optT T k T T Tα= + − − =   

in the zone where the limits are not active. This theoretical result is confirmed by 
the low residual variability (standard deviation of 1.04˚C versus 1.49˚C for the 
fixed setpoint). However, it should be noted that both strategies exhibit almost the 
same average efficiency. 

3.3. Deterministic Economic Analysis (Annual) 

The annual economic assessment of adopting the adaptive control we propose is 
recorded in Table 6. The savings are estimated from the simulation results and 
the unit costs of electricity per kWh provided in Table 3. Note that this study 
covers the three (03) separators of the thermal power plant. 

 
Table 6. Estimated annual economic gains. 

Item 
Energy 
savings 

Reduction in 
landfilling 

Injector 
savings 

Filter  
savings 

Avoided 
production losses 

Total 

Annual 
Gain (€) 

4170 2926 10,000 2000 13,353 32,449 

% 12.85 9.02 30.82 6.16 41.15 100 
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The energy saving, although modest (4170€), results from the reduction of the 
setpoint during hot periods. The most significant gains are related to mainte-
nance: reductions in unloading operations, filter replacements, and injector re-
pairs. Finally, the avoidance of approximately one major failure per year, with a 
rate of 0.01159 failures/hour [1], yields 13,353€ annually. The annual total is there-
fore estimated at 32,449€. However, the initial investment required to adopt the 
adaptive control strategy (ambient temperature sensor and controller reprogram-
ming) does not exceed 4000€, leading to a payback period of less than one year. 

3.4. Uncertainty Analysis (Monte Carlo) 

The Monte Carlo simulation (10,000 draws) yields a nearly normal distribution of 
annual gains. Figure 6 presents the histogram. The mean is 19,701€, the standard 
deviation is 1996€, and the 90% confidence interval is [16,224€; 22,778€]. Even in 
the most unfavorable scenario (5th percentile), the gain remains above 16,224€. 
 

 
Figure 6. Distribution of total annual gains obtained by Monte Carlo. 

 
Given the economic results obtained, the deterministic estimate is supported 

by the Monte Carlo analysis. The difference between the two values arises from 
the nonlinearity and the bounds applied to the distributions. The narrowness of 
the confidence interval (approximately ±14% around the mean) shows that eco-
nomic uncertainties do not call into question the profitability of applying the 
strategy. Moreover, even the 5th percentile is four times higher than the invest-
ment cost. 

Maintenance items (unloading operations, filters, injectors) account for the 
largest share of the gains. This suggests that the main impact of adaptive control 
is operational (reliability, availability) rather than energy-related. Of course, en-
ergy savings are not negligible, representing nearly 13% of the total gain. 
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3.5. Validation of the Thermal Model 

The real data include 50 points recorded over 48 h, i.e., a sampling interval of 58.8 
min. Type K thermocouples ( )1.1 C± 

, placed immediately upstream of the three 
centrifugal separators, measure the HFO temperature. The ambient temperature 
is measured directly on site in the shade. From the real measurements, the thermal 
coefficient α  was calibrated by linear regression of ( )optT T−  as a function of 

( ),a a refT T− , then evaluated on 25 records not used for calibration. The simplified 
thermal model was validated with a mean RMSE of 1.09˚C, a bias of −0.14˚C, and 
an R2 of 0.788˚C. These values indicate a very good agreement between the simu-
lated model and the recorded values. These performances are excellent for such a 
simple model, and they justify its use for sizing the adaptive control. 

However, the model has limitations mainly related to the system dynamics, be-
cause the instantaneous linear equation does not account for thermal inertia (de-
lays, time constants), and to the climate model (the sinusoid used does not ac-
count for climatic variability such as winds and cloud cover). Figure 7 presents 
the validation curves. 

 

 
Figure 7. Model validation (a) temperature time series; (b) correlation between simulated and measured values. 

4. Conclusions 

The results obtained from this study demonstrate that an adaptive control strategy 
for the HFO inlet temperature in centrifugal separators makes it possible to main-
tain operation within the band [ ]85 C;98 C 

, more specifically within the optimal 
safety and performance range [ ]92 C;95 C 

, despite a Sahelian climate with high 
thermal variability. The adaptive control was simulated over 48 hours based on 
real climatic data from the city of Ouagadougou and compared to a fixed setpoint 
of 95˚C. The results show that the adaptive control does not aim to maximize in-
stantaneous efficiency, but rather to optimize the overall operation of the plant 
while respecting safety and reliability constraints. Both strategies yield almost the 
same average efficiency, but the adaptive strategy ensures the absence of critical 
threshold exceedances and operational stability. The economic analysis, which fo-
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cused on energy savings, maintenance reduction, and the avoidance of production 
losses, estimates a deterministic annual gain of 32,449€ (approximately 21.3 mil-
lion FCFA). A Monte Carlo simulation with 10,000 draws confirms the economic 
robustness of the model, with an average gain of 19,701€ and a 90% confidence 
interval of [16,224€; 22,778€]. The investment required for the three separators of 
the power plant (sensors, reprogramming) is less than €12,000, yielding a payback 
period of less than one year (7 months and 9 days). The thermal model was vali-
dated with an RMSE of 1.09˚C and an R2 of 0.788, indicating very good predictive 
capability despite its simplicity. It can therefore be concluded that adaptive con-
trol is a simple, robust, and immediately cost-effective solution for improving the 
performance, safety, and availability of thermal power plants using HFO in Sahe-
lian climates. 

As future work, this study could be applied to other Sahelian power plants. Ad-
ditionally, predictive control using weather forecasts (24-hour ambient tempera-
ture) would make it possible to anticipate variations and smooth the setpoint. 
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