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ABSTRACT 
Waste generated by healthcare activities can be hazardous, hence efficient disposal to eradicate 
the risk of injuries and infections remain paramount. The efficient utilisation of the energy poten-
tial of medical waste during incineration could complement energy from traditional sources. Thus, 
it is important to determine the heating value of this heterogeneous waste stream. The handling 
and preparation of a representative sample to determine the heating value using experimental 
methods such as bomb calorimetry could expose the analyst to a high risk of infection through 
injury from the sharps. This paper determined the thermal efficiency of a modified De-Montfort 
incinerator and used the temperature time curves during incineration to estimate the heat recover-
able from sharps and infectious medical waste generated from a typical healthcare centre in Gha-
na. The integrated energy efficiency of the modified De-Montfort intermittent incinerator was 88% 
and the net calorific value (NCV) of the medical waste was estimated to be 26.15 MJ/kg. There-
fore, the energy from the category of medical waste treated in the incinerator could be harnessed 
for sustainable productive purposes since its heating value extended beyond the benchmark mini-
mum NCV of 19 MJ/kg required to realise sustained combustion in a solid fuel. 

Keywords: M edical waste incineration, thermal efficiency, net calorific value  

INTRODUCTION 
15% of the total amount of waste generated by 
healthcare activities is classified under hazard-
ous waste (WHO, 2015). Healthcare facilities 
generate on average between 0.2 and 0.5 kg of 
hazardous waste per bed per day. The medical 
wastes of prime concern to medium and small 
healthcare facilities are infectious waste and 
sharps. Infectious waste is waste contaminated 
with blood and other bodily fluids (e.g. from 
discarded diagnostic samples), cultures, swabs, 
bandages and disposable medical devices whilst 
sharps constitute syringes, needles, disposable 

scalpels and blades etc. Every year an estimated 
16 billion injections are administered worldwide 
and the waste from injections contain potential-
ly harmful microorganisms which can pose risk 
of infections like Hepatitis B, Hepatitis C and 
Human Immunodeficiency Virus (HIV) and 
injuries to health workers and the community at 
large if not managed properly. Thus the injec-
tion safety programme of the World Health Or-
ganization (WHO) was implemented to address 
issues of disposal and eradicate the risk associ-
ated with the improper management of the 
waste. These kinds of medical waste are colour-
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coded red and stored in specially labeled boxes. 
The recommended mode of disposal is through 
incineration because of the hazards exposed to 
scavengers if disposed off at landfills (WHO, 
2015; 2014). Waste incineration can be a viable 
means of energy utilisation in our quest to diver-
sify energy sources for sustainable development.  

87% of the world’s total energy consumption is 
from fossil sources (crude oil, natural gas and 
coal). In four decades (1973-2013) the world 
CO2 emissions from fossil fuel burning has 
about doubled from 15,515 Mt to 32,190 Mt. 
The statistics points to a worrying outlook con-
sidering the global warming potential of CO2. 
With most countries in the developing world, 
especially Africa, entering into the energy inten-
sive phase of their development, energy use 
worldwide is set to grow by one-third in 2040 
(IEA, 2015). Thus crude prices would remain 
volatile with increasing demand (BP, 2015). 
Hence, there is the need to complement tradi-
tional sources of energy feedstock. Contempo-
rary research has explored the use of biomass 
feedstock (Nzihou et al., 2014) and a blend of 
biomass with fossil based fuel (Mamvura and 
Muzenda, 2015) because of its green credentials. 
However, there is still room for diversifying 
feedstock to harness the thermal energy from 
industrial and municipal waste (Klein and 
Themelis, 2003).  

The efficient utilisation of the energy potential 
of medical waste during incineration, though not 
considered a carbon neutral process (i.e. recov-
ery of energy from renewable carbon sources 
such as biomass), can be an important comple-
mentary energy source in the process of thermal 
conversion. The determination of the calorific 
value of a substance is thus essential in assessing 
its energy potential. 

The heating value or the calorific value of a sub-
stance is the amount of heat released during the 
combustion of a specified amount of it. The net 
calorific value (NCV) otherwise referred to as 
the lower heating value of a fuel is defined as the 
amount of heat released by combusting a speci-
fied quantity of the fuel (initially at 25oC) and 
returning the temperature of the combustion 
products to 150oC (which assumes the latent 

heat of vaporization of water in the reaction 
products is not recovered). The NCV is the use-
ful calorific value in boiler combustion plants 
(GREET, 2010). The NCV of some common 
solid fuels are shown in Table 1.  

Solid Fuel NCV (MJ/kg) 

Coal (WB) 22.73 

Bituminous coal (WB) 26.12 

Coking coal (WB) 28.61 

Petroleum coke 29.51 

Farmed tress (DB) 19.55 

Herbaceous biomass (DB) 17.21 

Forest residue (DB) 15.40 

Sugar cane bagasse 15.06 

Table 1: The net calorific value of some com-
mon solid fuels on wet basis (WB) and on dry 
basis (DB) (GREET, 2010) 

The heating value of a substance is commonly 
determined experimentally by the use of a bomb 
calorimeter. The quantity of heat is determined 
by measurement of a temperature change within 
the calorimeter if the heat exchange with the 
environment is minimal and the effective heat 
capacity of the calorimeter is known (Stahl, 
1994). Bomb calorimeters provide high preci-
sion and quality control work through precise 
heat leak correction using the isoperibol 
(insulated vessels and placement in a constant 
temperature environment) calorimeters and the 
provision of excess oxygen to ensure complete 
combustion (release of all the internal energy).  

Other methods of determining the heating value 
of a fuel involve the use of formulae based on 
ultimate analysis (i.e. composition by mass of 
elements including Carbon, Hydrogen, Oxygen, 
Sulphur, Nitrogen and Chlorine) as well as prox-
imate analysis (Ash content) of the energy feed-
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stock if the waste make up is known (Nzihou et 
al., 2014; Mason and Gandhi, 1980; and Rӧnsch 
and Wagner, 2012). The handling and prepara-
tion of a representative sample of the rather very 
heterogeneous waste to accurately reflect the 
bulk in determining the heating value using the 
above methods can be a challenge as it may re-
quire manual sorting and proportionate mixing. 
This can expose the analyst to a high risk of in-
fection through injury from the sharps. This pa-
per aims at determining the thermal efficiency of 
a modified De-Montfort intermittent incinerator 
and thereafter estimating the heat recoverable 
from the medical waste (within the category of 
sharps and infectious waste) generated from a 
typical healthcare centre in Ghana. 

The De-Montfort intermittent incinerator, origi-

nally designed for ease of construction to cut 

down the time for construction and ultimately its 

cost, has features which include; versatility in 

utilising diverse ancillary fuel sources and high 

rate of combustion which makes adaptation in 

different  countries and locations (requires mini-

mal infrastructure to operate) as well as applica-

tions in large hospitals very plausible. However, 

stringent environmental requirements in the op-

eration of an incinerator (emissions and safe op-

erational conditions) as well as extending the 

lifespan of the incinerator beyond the typical 3-5 

years to reduce payback time necessitated the 

redesigning and construction of a modified ver-

sion ((Akufo-Kumi et. al, 2014). The features of 

the modified De-Montfort intermittent incinera-

tor which among others include; multiple (three) 

combustion chambers in a series arrangement to 

increase flue gas retention time and hence reduce 

the emission of incomplete combustion products, 

a dome shaped roof  to allow the heat flux sever-

al cycles through the waste materials on the met-

al grate which improves the destruction efficien-

cy to above 98%, and a charging door mounted 

on a frontage positioned metal post instead of the 

top loading which reduces the risk to the opera-

tor in terms of exposure to hot rising heat flux 

during intermittent charging (Akufo-Kumi et. al, 

2014).  Several of these incinerators have been 

deployed in a number of district hospitals in 

Ghana to address the challenge of injection safe-

ty under a World Health Organisation (WHO) 

programme but their thermal efficiency and also 

the calorific value of typical medical waste from 

these healthcare centres have not been assessed 

yet. These parameters are necessary to assist in 

decision making to invest in additional infra-

structure to utilise the heat energy derived from 

the incineration processes. 

 
MATERIALS AND METHODS 
Medical waste 
The composition of the typical medical waste 
consisted of used intravenous infusion sets, cul-
tures, swabs, bandages and disposable medical 
devices and sharps (which constitute syringes, 
needles, disposable scalpels and blades etc.). 
This waste is typically stored in puncture re-
sistant 5 L safety boxes (timSafe) labeled Bio-
hazard (see Plate 1a). The average weight of the 
packed box was 1.01± 0.24 kg (Mean± SD). The 
waste was collected from the Ghana Atomic En-
ergy Commission Clinic, a typical medium 
healthcare facility in Ghana. 

 
Preheating using ancillary woodfuel and  
charging with waste 
The ancillary fuel used was 15.23 kg of dry A. 
indica (neem) woodfuel with a moisture content 
of 5 wt.% (see plate 1b). The fire was started 
with a flint match using 50 mL (43.41 g) of tur-
pentine with gross calorific value (GCV) of 44.0 
MJ/kg as start-up fuel. This was used to preheat 
the incinerator at an average heating rate of 10.2 
oC/min, 9.5 oC/min and 6.8 oC/min in the prima-
ry, secondary and tertiary chambers respectively. 
A primary chamber temperature of 450oC was 
attained before charging with the waste boxes at 
a rate of 5 kg in 6 minutes intervals (50 kg/h). 
 
Specifications of the Incinerator used 
The modified De-Montfort type intermittent in-

cinerator (see Plate 1c) is a front loading, wood-

fuel fired design with a dome shaped roof ensur-

ing efficient heat flux through the combustible 

materials suspended in the hot zone by a metal 

grate (Akufo-Kumi et al., 2014). The typical 

design had a double walled envelope with wall 

thickness of 230 mm (consisting of two refracto-
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ry bricks of thermal conductivity, k, 1.046 Wm-

1K-1 and thickness 110 mm each) and refractory 

mortar thickness of about 10 mm. The front met-

al doors were lined with low density refractory 

bricks of k, 0.15 Wm-1K-1and thickness 65 mm. 

The height of the chimney outlet from the air 

inlet was 4.2 m which facilitated natural draft to 

allow a gas volumetric flow rate of 0.16 m3/s at 

maximum operating temperatures. The incinera-

tor has three chambers of total volume 1.2 m3 

linked in series, with flue gas outlets arranged to 

allow a sinusoidal flux, thus ensuring longer 

retention time (7.5 s) in the heating chambers 

before exiting through a chimney (hydraulic 

diameter 0.131 m) which is on the third cham-

ber. The secondary air inlets facilitated addition-

al air flow into the secondary and tertiary cham-

bers that ensured leaner and more exhaustive 

combustion process (Akufo-Kumi et al., 2014). 
 

Temperature monitoring devices 
The temperatures in the three chambers were 
monitored with K type (chromel-alumel) ther-
mocouple probes in a metal thermowell with a 
Eurotherm temperature readout (see Plate 2a and 

Plate 1a):  Typical medical waste in puncture resistant boxes ready for incineration,  
b) dry Azardiractha indica (neem) woodfuel stacked in the fuel chamber of the incinerator and 
c) the modified De-Montfort intermittent incinerator. 

2b). The probes were positioned at half height of 
the chambers and aligned with the inner walls so 
as to record the temperature of the atmosphere in 
closest proximity to the inner walls of the cham-
bers and not the naked flames from the combus-
tion process. The temperature of the exhaust gas 
from the chimney and the outer wall tempera-
tures were measured with Raytek Minitemp laser 
infrared thermometers (Plate 2c). The thermo-
couples were calibrated with an Isotech Saturn 
thermocouple calibration facility and the laser 
infrared thermometers were calibrated with an 
Isotech Europa Site 6 calibration facility at the 
CSIR-IIR metrology division prior to use.  
 
Determination of the Net Calorific value 
The net calorific value (NCV in kJ/kg) of the 
fuel wood was computed from the Equation 1 

Where w (dimensionless) is the moisture content 
expressed as a decimal fraction, q0 is the calorif-
ic value of absolutely dry (w=0) wood (kJ/kg), c 
is the specific heat capacity of water (kJ/kgoC), 

Journal of Ghana Science Association,  Vol. 17 No. 1, June, 2016 95 



Determination of the thermal efficiency of a modified de-Montfort incinerator... Oduro et al. 

Plate 2: a) The Eurotherm temperature readout device with the K-Type thermocouples in metal ther-
mowells, b) the incinerator with thermocouples inserted into the different chambers and c) using the laser 
infrared thermometer to determine the temperature of the exhaust gases. 

ΔT is the temperature difference (oC) from ambi-
ent (27oC) up to 100oC, and qevap is the specific 
heat of evaporation of water at 100oC (kJ/kg) 
(SashBatsHomeLabs and Stovemaster Batsutin, 
2009). 
 
Moisture content 
The moisture content of the woodfuel was deter-
mined as per the method defined in the standard 
test methods for moisture in the analysis of a 
sample of coal and coke (ASTM D3173, 2011). 
Five replicate samples of the woodfuel was pre-
weighed (w1) and conditioned by drying in an 
open-air oven at 105 oC for 2 h to attain constant 
weight before allowing to cool to room tempera-
ture in a desiccator. The dry samples are re-
weighed (w0) and the difference in weight of the 
sample after conditioning (w1-w0) is the amount 
of moisture in the sample. The percentage mois-
ture content estimated by the expression  

was calculated from the aver-

age of the replicates. 
 
Determination of heat losses 
The main sources of heat loss were by conduc-
tion through the incinerator’s envelop (walls, 
roof, floor and door) of the incinerator and by 

convection through the ventilation (chimney, air 
inlets). Heat losses by radiation through the 
walls, door and floor were assumed to be negli-
gible. Hot air has a lower density and rises by 
convection over colder air closer to the floor of 
the incinerator. Hence radiation losses through 
the roof into space were estimated to be 15% 
that of the conduction heat losses (Ahern, 1986; 
Engineering ToolBox, 2016).  
 
Conduction and radiation heat losses 
Heat losses by conduction through the envelop 
was estimated using the Equation 2 

Q = UAT   - - - (2) 

Where, A (m2) is the surface area of the envelop 

and ΔT (K) is the temperature difference be-
tween the inside wall temperature and the out-
side wall, U (Overall heat transfer coeffi-

cient) .Where, k (W/m K), is the thermal conduc-

tivity of the refractory envelop material and l 
(m), is the thickness of the envelop. Hence the U

-value (which measures how effective the insu-
lating properties of the refractory brick envelop 
is) was estimated as 4.55 Wm-2K-1. Heat losses 

by radiation and conduction through the roof 
Qroof was estimated from Equation 3.  
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Qroof  = 1.15UAroof T - - - (3) 

The U-value of the incineration door material 
which consisted of mild steel sheet (k, 43.0 W m
-1K-1 and l, 0.003 m) lined with insulation brick 
(k, 0.15 Wm-1K-1 and l, 0.065m) was determined 
to be 2.307 Wm-2K-1. Given that for a multi-

component material  and Ri is the 

resistivity of the individual component calculat-

ed from the expression   (Ahern, 1986).  

Estimation of heat losses through the ventila-
tions 
Heat losses through the air inlets and the chim-
ney of the incinerator, Hv (kW) were estimated 
using Equation 4 (Ahern, 1986). 

Hv = CpivAT  - - - (4) 

Where Cp (kJ/kgoC) is the specific heat capacity 
of flue gases at constant pressure, ρi (kg/m3) is 
the density of the flue gas at a specified tempera-
ture, ΔT (oC) is the temperature difference be-
tween flue gas exiting the chimney and ambient, 
A (m2), is the cross sectional area of the vent. 

The velocity of the flue gases, v, is given by 
Equation 5  

Where, g is the acceleration due to gravity (m/
s2), dh is the hydraulic diameter (m), l is the 
length of the chimney (m), λ is the D’Arcy 
Weisbach friction coefficient, ρi and ρo are the 
densities of the flue gases at a specified tempera-
ture and at ambient respectively (kg/m3), ΔT is 
the temperature difference between flue gas exit-

ing the chimney and ambient (oC), and    is the 
minor loss coefficient summarised to be 1 
(Engineering ToolBox, 2016). 
 

Integrated efficiency for the period  
The thermal energy efficiency of the incinerator 
over the operation period was calculated using 
Equation 6. 

(Sash Bats Home Labs and Stovemaster  
Batsutin, 2009) 
Where M, is the weight of burned fuel, W T, is 
the total heat power losses through the vents and 
the envelop and qw, is the NCV of fuel with 
moisture content w. 

 
RESULTS AND DISCUSSIONS 
Net calorific value of input fuel 
The calorific value of absolute dry A. indica 

(neem) woodfuel is 18841.5 kJ/kg (Negi, 1997). 

The moisture content of the neem wood used as 

ancillary fuel was determined to be 5%. The 

NCV of the fuel wood is hence estimated, from 

Equation 1, to be 17929.6 kJ/kg. 15.23 kg of 

neem fuel wood (5% moisture content) is thus 

estimated to have a total internal energy of 273.1 

MJ and the gross calorific value of 50 mL tur-

pentine used as a start-up fuel is estimated to be 

1.9 MJ. Hence, the input energy from the com-

plete combustion of ancillary fuel is estimated to 

be 275.0 MJ. The response of the release of the 

total internal energy is measured as the area un-

der a temperature time curve. This result was 

used to calibrate the method of determining the 

NCV by the incinerator using the neem wood 

and the turpentine as known standards added 

directly to the medical waste during the com-

plete combustion process. 

 
Heat losses 
Integrated heat losses during incineration 
The heat losses to the environment of the incin-
erator during the combustion of 15.23 kg of an-
cillary woodfuel and start-up turpentine with 
total calorific value of 275.0 MJ was the energy 
available to start the combustion of the waste. 
Table 2 shows the instantaneous heat losses by 
conduction and radiation through the envelop 
(walls, floor and roof) of incinerator and the 
instantaneous heat losses by convection through 
the vents (chimney and air inlets). The integral 
of the total heat losses vs. time curve (Fig. 1) 
gives the total energy loss during the combustion 
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process (Domen, 1974).  

The total integrated heat loss was estimated as 
the area under the best fit (R2 = 0.9505) non-
linear curve (Fig.1) with equation  

Time (s) Heat loss through vents at   
specified time (W) 

Heat loss through envelope at  
specified time (W) 

0 0 0 

300 87.8 2283.44 

660 275.7 5867.17 

1020 498.8 13115.30 

1440 1000.8 19867.10 

1740 1092.7 17636.80 

2100 1404.8 15806.10 

2640 867.5 12616.30 

Table 2:  Instantaneous heat losses from the incinerator during the combustion  
  of the standard ancillary fuel 

Figure 1: Estimation of the integrated heat losses through a plot of total 
heat loss (W) against a specified time (s) 

leased over the specified period to be 
32499.9137 kJ. A lag of 300 s was used as 
initial time required for the heat flux inside 
the chambers to equilibrate.  
 
Integrated Energy Efficiency of the Incinera-
tor 
The integrated energy efficiency (η) during 
the combustion of the ancillary fuel in the 
incinerator was obtained by substituting the 
total heat energy losses into Equation 6.  

y = -3.0 x 10-6t3+0.0053t2 11.149t - 804.92 

The area under the total heat losses versus time 
curve for the period 300 s to 2640 s of the ther-
mal conversion process estimated the heat re-
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Therefore, 2). Table 3 shows the calculated area under the 

temperature time curve as a response of the heat 

energy released into the combustion chamber 

during incineration with statistical regression 

(R2) for the primary, secondary and tertiary 

chambers.  

 
Estimation of enthalpy of combustion of medical 
waste 
The total heat energy released from the combus-
tion of the medical waste was thus estimated 
from area under the temperature versus time 
curves (Fig. 3) with the standard addition of 
275.0 MJ of ancillary fuel. 

1-η = 0.118175. Hence η = 0.8818 
 
With heat losses estimated as 12%, the integrated 

energy efficiency of the modified De-Montfort 

intermittent incinerator is 88%. Thus a total heat 

energy of 242.5 MJ is recoverable from the com-

plete combustion of the ancillary fuel with the 

input energy of 275.0 MJ using the incinerator. 

The recoverable heat energy is represented by 

the area under the temperature time curves (Fig. 

Description of  
chamber 

Area under the Tem-
perature vs. Time curve  

(Fig. 2) 
R2 Normalised % 

Calculated Equivalent 
Energy (MJ) 

Primary chamber 594971.78 0.9314 36.7 89.00 

Secondary chamber 573971.62 0.9314 35.4 85.85 

Tertiary chamber 451173.02 0.8998 27.9 67.66 

Total 1620116.42   100.0 242.51 

Table 3:  Quantity of heat energy released in the three combustion chambers during  
  incineration as a factor of area under a temperature time profile 

Figure 2: A profile of the temperature time curves within the three combustion 
chambers during the incineration of known quantity of ancillary fuel. 
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The temperature time profile in the combustion 
chambers (see Fig. 3) of the incinerator can be 
modelled with the best fit curves of R2 = 0.9274, 
0.7154 and 0.9617 for the primary, secondary 
and tertiary chambers respectively. The area 
under the temperature time curve gave the heat 
released during combustion less the heat losses 
(Domen, 1974). Thus the integral of the curve of 
best fit to the experimental data from time 300 s 
to 6060 s gave the area which is a response of 
the total heat released during the combustion of 
waste and ancillary fuel (Table 4).  

Using the method of standard addition of a 
known NCV of ancillary fuel, the NCV of the 
medical waste could be estimated from the 
Equation 7 . 

Figure 3: A profile of the temperature vs time curves within the three combus-
tion chambers during the incineration of known quantity of ancillary fuel and 
45 kg of medical waste. 

Description of chamber R2 Area under the temperature time curve 

Primary Chamber 0.9274 3396441.60 

Secondary Chamber 0.7154 2768958.72 

Tertiary Chamber 0.9617 2484881.28 

Total   8650281.60 

Table 4:  The response of integral heat release during combustion in the different  
  chambers as computed by area under the temperature time curves. 

For an incinerator of energy efficiency 88 %, 
correcting for heat losses, the enthalpy of com-
bustion of 45 kg medical waste was estimated to 
be 1176.7 MJ hence, the NCV of the medical 
waste is 26.2 MJ/kg. 
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The gross (high) calorific value (GCV) on dry 

basis of plastics in medical waste has been deter-

mined to be 28.8 MJ/kg and that of fabrics is 

15.8 MJ/kg using a bomb calorimeter 

(Yonggang et al., 2014). The non-combustibles 

like glasses have zero GCV whilst sharps 

(scalpels and needles) have GCV of 0.139 MJ/kg 

(Yonggang et al., 2014). Considering that the 

composition of medical waste studied constitut-

ed mainly these fractions (plastics, gauze band-

age, glasses, sharps and paper) and that the de-

struction efficiency of the incinerator to typical 

medical waste is about 98% (Akufo-Kumi et al., 

2014), it presupposes that the combustible frac-

tion (plastics, gauze bandage, swabs, paper etc.) 

constituted a major portion. It is therefore, high-

ly plausible that the method, within the limits of 

experimental error (challenges in having excess 

oxygen in the natural draft system of the inciner-

ator to ensure complete combustion, and the not 

allowing temperature to drop below 150oC), 

simulated fairly accurately the heating value of 

the typical medical waste. 

The results also showed that though energy from 

the category of medical waste treated from the 

healthcare facility may not be considered renew-

able it could however, be harnessed for sustaina-

ble productive purposes as it compares favoura-

bly with other solid fuels like coal and biomass 

and its heating value extended beyond the 

benchmark minimum NCV of 19 MJ/kg required 

to realize sustained combustion in a solid fuel 

(GREET, 2010).  

 
CONCLUSION 
We have demonstrated that the modified De-
Montfort intermittent incinerator has a high inte-
grated energy efficiency of 88% in converting 
medical waste to recoverable heat energy. The 
net calorific value of the medical waste is 26.15 
MJ/kg which meant the energy from the catego-
ry of medical waste treated from the healthcare 
facility could be harnessed for sustainable pro-
ductive purposes because its heating value ex-
tends beyond the benchmark minimum NCV of 
19 MJ/kg required to realize sustained combus-
tion in a solid fuel. 
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