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Abstract: Transient behaviour of co-current and countercurrent parallel flow 
three-fluid heat exchanger with all the three fluids unmixed, has been 
numerically investigated for perturbations provided in flow. Results are 
presented for step change in flow rate of all the three fluids. It has been found 
that the mean exit temperature is greatly affected due to variation in the flow 
rate and thereby affecting the rate of heat transfer among the three fluids.  
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This paper is a revised and expanded version of a paper entitled ‘Study of 
parallel flow three-fluid compact heat exchanger due to perturbations in flow’ 
presented at the ‘International Conference on Renewable Energy Sources  
and Sustainability (RESUS-2015)’, Université de Mascareignes, Mauritius,  
3–5 March 2015. 

 

1 Introduction 

Three fluid heat exchangers are applied in variety of applications such as air separation, 
ammonia gas synthesis, liquefaction of gases, etc. (Sekulic and Shah, 1995). Three fluid 
heat exchangers allow compact and economical design in various other applications also. 
In parallel flow three-fluid heat exchanger, all the three streams flow parallel to each 
other (Figure 1a). Since they are used in various thermal engineering applications, their 
design and performance analysis are of great practical importance. 

Transient behaviour of heat exchanger at various conditions with excitations in inlet 
temperature has been analysed by number of researchers (Chen and Chen, 1992; Mishra 
et al., 2004; 2008a; Roetzel and Xuan, 1999; Spiga and Spiga, 1988). Apart from 
perturbations in temperature, generally mass flow rate of the fluids also get temporal 
disturbances. During the heat exchanger operation, change in flow rates in one or all of 
the fluids may be observed. In order to carry out the complete analysis of a heat 
exchanger, the effect of perturbation in flow cannot be neglected. Experimental and 
theoretical studies have been carried out (Stermole and Larson, 1963) to know the 
transient and frequency response of a double-pipe steam to water heat exchanger for the 
effect of flow rate changes. Pearson et al. (1974) studied the dynamic response of 
discharge air temperature for the finned serpentine tube water-to-air heat exchanger by 
changing the hot water flow rates. The first order dynamic model was solved and 
compared with the numerical and experimental results. Lachi et al. (1997) analysed the 
transient behaviour of double pipe and shell-and-tube heat exchangers for sudden change 
in flow rates of one of the two fluids using the analytical expression for time lag and time 
constant. The temperature transient response along a tubular counter flow heat exchanger 
was investigated (Abdelghani-Idrissi et al., 2001) for the step change in mass flow rate of 
hot fluid. The dynamic behaviour has been approximated by a first order response with a 
time constant and the theoretical and experimental results have been reported. The 
combined response of flow rate and temperature variation for shell and tube heat 
exchanger has been obtained (Xuan and Roetzel, 1993) using a method based on the 
numerical inversion of Laplace transform. Using double Laplace transform, Romie 
(1999) obtained the response of a counter-flow heat exchanger to step change of flow 
rates. Mishra et al. (2006) numerically investigated the transient temperature response of 
two-fluid crossflow heat exchangers having finite wall capacitance for perturbations 
provided in both temperature and flow. Further, the step response of a single-pass 
crossflow heat exchanger with variable inlet temperature and mass flow rates, has also 
been determined (Silaipillayarputhur and Idem, 2012). 

Analysis of three-fluid heat exchanger for various aspects like design, effectiveness, 
thermal performance, temperature distribution has been tried by various researchers. 
Transient behaviour of parallel flow three-fluid heat exchanger with excitations in inlet 
temperature has been analysed (Bielski and Malinowski, 2003; 2005). They obtained 
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semi-analytical as well as analytical solution for parallel-flow three-fluid heat exchanger 
considering step change in inlet temperature of central fluid. Further, Malinowski and 
Bielski (2009) numerically solved the partial differential energy equations for transient 
temperature field in a parallel-flow three-fluid heat exchanger with three thermal 
communications. An exemplary calculation was carried out to determine transient 
response by step-like two-fold increase of fluid inlet velocity in one fluid to take into 
account the increase of heat transfer coefficient. Mishra et al. (2008b) investigated the 
transient temperature response of three-fluid crossflow heat exchanger for step, ramp, 
exponential and sinusoidal perturbations provided in the central fluid inlet temperature. 
Singh et al. (2014) numerically investigated the transient behaviour of co-current parallel 
flow three-fluid compact heat exchanger for the effect of two-dimensional longitudinal 
heat conduction in the separating sheet and axial dispersion in fluids. 

Very few literatures have been found that deals with the effect of perturbations in 
flow for three-fluid heat exchangers. A wide literature review reveals that the effect of 
perturbations in flow, especially in case of parallel flow three-fluid heat exchangers has 
not been analysed so far. Transient behaviour of parallel flow three-fluid heat exchanger 
with two-thermal communications has been numerically investigated for the perturbation 
in flow. Step change in flow rate of the three fluids has been provided and the 
performance has been investigated for co-current and counter-current parallel flow three-
fluid heat exchangers. 

2 Mathematical formulation 

A direct transfer co-current/counter-current parallel flow three-fluid compact heat 
exchanger has been shown schematically in Figure 1(a). One fluid (b) is flowing between 
the two separating sheets and other two fluids flowing on either side of it. In co-current 
arrangement, all the three fluids flow in the same direction while in counter-current 
arrangement fluid ‘c’ flows in direction opposite to the other two fluids ‘a’ and ‘b’.  

Figure 1 Co-current/counter-current parallel flow three-fluid compact heat exchanger (see online 
version for colours) 
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Following assumptions have been made for the analysis. 

1 All the fluids are single phase, unmixed and without any internal source of heat. 

2 The thermo-physical property of the fluids and the walls does not change. 

3 No heat loss to the surroundings and hence two-thermal communication is assumed 
to exist. 

4 Transverse thermal resistance of the separating sheets in a direction normal to it is 
neglected. 

5 The effect of fouling resistance is neglected. 

6 The central fluid is assumed either the hottest or the coldest. 

7 Heat transfer area of the separating sheet on each side is uniformly distributed. 

8 Film heat transfer co-efficient is solely a function of fluid velocity and changes with 
time as the flow rate changes. 

The process of energy exchange in a three-fluid heat exchanger is very complex due to 
the presence of third fluid. The central fluid stream exchanges heat simultaneously with 
the other two fluid streams. Thus, the exact distribution of the thermal energy plays an 
important role in steady state as well as in transient behaviour of the heat exchanger. The 
distribution depends upon the operating conditions of the three fluids as well as on the 
total area associated with them. As the thermo-physical properties of the top and the 
bottom fluid streams may be different in a general situation, it is most likely that the two 
separating sheets will have different temperatures, and the fins in the central passage will 
have an asymmetric temperature profile. It is assumed that a part of the secondary surface 
is associated with the top separating sheet (w1), and the rest is associated with the bottom 
separating sheet (w2).  

Assuming  
1b w

hA


 and  
2b w

hA


 are the convective conductance associated with 

the top and the bottom separating sheet respectively, the following relationship can be 
obtained. 

     
1 2

1 1 1

b w b w b
hA hA hA  

 

   (1) 

A non-dimensional parameter  may be introduced indicating the distribution of 
convective conductance of central fluid. 

 
 

 
   

1 2
1 1

 and 
1

b w b w

b b

hA hA

hA hA

 

   
  


 (2) 

The total thermal capacity of the separating sheets may also be assumed to be distributed 
amongst the upper and the lower sheet in the ratio  and (1 – ) respectively. 

     1 2w w w
Mc Mc Mc   (3) 

 
 

 
 

1 2where,  and 1w w

w w

Mc Mc

Mc Mc
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Considering step variation in mass flow rate of either one or in all the three fluid streams 
and assuming the ratio, γ; between the mass flow rate at any time θ and that at initial time 
level, one may get, 

,   and a a a b b b c c cm m m m m m        (5) 

Initially at time 0,  1 a b c        (6) 

 1And at time ,  a b c           (7) 

where,  1   is the step perturbation in mass flow rate of the three fluids. 

Assuming flow to be fully developed turbulent flow (β = 0.8), the heat transfer 
coefficient, h, may be proportional to (mass flow rate)β and hence 

,   and  a a a b b b c c ch h h h h h          (8) 

Now, the conservation of energy for the three fluid streams and for the two separating 
sheets can be expressed in non-dimensional form for an infinitesimal small control 
volume. For fluid streams a, b and c, conservation of energy can be expressed by the 
following equations. 

 
1

a a ab a
a w a a

ab ab

V T E T
T T

R R X
 


 

  
 

 (9) 

     
1 2

1 1

1
b b

b b w b b w b b

T T
V T T T T

X
   

  
 

    
  

 (10) 

 
2

c c cb c
c w c c

cb cb

V T E T
T T

R R X
 


 

  
 

 (11) 

Similarly, for the two separating sheets w1 and w2, the expressions for the energy 
exchange can be expressed as under. 

   1

1 1

2 2
1 1

2 2

1w w w
ab a a w b b w x a y a

T T T
R T T T T N N

X Y
     

 
  

     
  

 (12) 

       2

2 2

2 2
2 2

2 2

1
1

1
w w w

b b w cb c c w x a y a

T T T
T T R T T N N

X Y
     

 
  

      
   

 (13) 

     
1

min

1 1 1

b ab w a

m c
NTU hA hA    



  
   

     
 (14) 

     
1

1 1 1
or, 

a
b ab w a

m c
NTU hA hA    



  
   

     
 (15) 
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Further, from the definition of Rab and Eab, Na can be obtained as follows. 

1
a ab a

a ab b

N E NTU
R 


 
 

  
 

 (16) 

Equation (9)–(13) is subjected to following initial and boundary conditions.  

1 2( , ,0) ( , ,0) ( , ,0) ( , ,0) ( , ,0) 0a b c w wT X Y T X Y T X Y T X Y T X Y      (17) 

1 1 1 1

0 0

( , , ) ( , , ) ( , , ) ( , , )
0

a a

w w w w

X X N Y Y N

T X Y T X Y T X Y T X Y

X X Y Y

   

   

   
   

   
 (18) 

2 2 2 2

0 0

( , , ) ( , , ) ( , , ) ( , , )
0

a a

w w w w

X X N Y Y N

T X Y T X Y T X Y T X Y

X X Y Y

   

   

   
   

   
 (19) 

   
,  in

, ,
0, , 0 and 0

a

a
a a

X N

T X Y
T Y T

X







  


 (20) 

   
,  in

, ,
0, , 1 and 0

a

b
b b

X N

T X Y
T Y T

X







  


 (21) 

  ,  in, , 0c cT X Y T    (22) 

where,    ,  in 0, ,  and , ,c c c aT T Y T N Y   for co-current and counter-current arrangement 

respectively. 

 , ,
0c

X Z

T X Y

X









 (23) 

where, Z = Na and 0 for co-current and counter-current arrangement respectively.  

3 Method of solution 

The energy equations are discretised using finite difference method. Time derivative 
terms have been discretised using forward difference scheme while upwind and  
central difference schemes are used for first and second order space derivative terms 
respectively (Ozisic, 1994). The system of discretised equations along with the assumed 
boundary conditions have been numerically solved using Gauss-Seidel iterative method. 
The convergence and the grid independence of the solution have been checked by 
varying the number of space grids and the size of the time step. It has been observed  
that the space grids 50 along with time steps 20 give the grid independence for  
the solution. The maximum error of the numerical solution is assumed to have an 
accuracy of 610 . 
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4 Results and discussions 

To check the validity of the numerical scheme, the results at steady state have been 
compared with the analytical results of Sekulic (1994) as shown in Figure 2, which 
exhibits excellent agreement between the two.  

Figure 2 Validation of the numerical results (see online version for colours) 

 

Figure 3(b) depicts the effect of perturbation (γa = γb = γc = 0.5) provided to all the three 
fluids. As compared to no flow perturbation (γa = γb = γc = 1) (Figure 3a) for the co-
current and counter-current arrangement, the time lag to attain steady state mean exit 
temperature has been increased. It can also be observed that the mean exit temperature of 
all the three fluids appreciably change during the transient phase, thereby, justifying, the 
importance of transient study. Once the steady state has been achieved, the mean exit 
temperature of fluid ‘a’ has been decreased while mean exit temperature of fluid ‘b’ and 
fluid ‘c’ remains unchanged. Similar results have also been found for counter- current 
arrangement also.  

Figure 4 depicts the effect of perturbation provided to central fluid stream ‘b’, while, 
no perturbation in ‘a’ and ‘c’. The mean exit temperature of all the three fluid streams for 
both co-current and counter-current arrangement has been compared. It can be observed 
that for both co-current as well as counter-current arrangements, the mean exit 
temperature of all the three fluids ‘a’ ‘b’ and ‘c’ increases with the increase in the step 
ratio (γb > 1) and decreases with the decrease in the perturbation value (γb < 1). The time 
required to attain the steady state temperature decreases as the value of perturbation 
provided to fluid ‘b’ increases from 0.5 to 2 or in other words, the temperature response 
of the heat exchanger becomes instantaneous. This is due to the increase in rate of heat 
transfer or enthalpy exchange among the fluid streams because of more turbulence in 
flow perturbation. Also, turbulent flow promotes better mixing of the fluid and thus 
convective heat transfer rate increases, which ultimately increases the mean exit 
temperature of all the three fluid streams. As compared to co-current flow arrangement, 
the mean exit temperature of fluid stream ‘c’ has found to be appreciably increased in 
counter-current arrangement. 
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Figure 3 Mean exit temperature of the three fluid streams (a) without any flow perturbation, and 
(b) with flow perturbation (see online version for colours) 

     

Figure 4 The effect of step ratio (γb) on mean exit temperature of (a) fluid ‘a’, (b) fluid ‘b’ and 
(c) fluid ‘c’ (see online version for colours) 
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Figure 5 shows the comparison between co-current and counter-current flow arrangement 
for the effect of NTU. The flow perturbation has been considered only in central fluid 
stream ‘b’. In this figure, the mean exit temperature of fluid stream ‘a’ has been found to 
increase while those of fluid ‘b’ and ‘c’ have decreased as number of transfer unit (NTU) 
increases in case of co-current arrangement. In case of counter-current flow arrangement, 
the mean exit temperature of fluid stream ‘a’ has been increased while mean exit 
temperature of fluid stream ‘b’ has been decreased for increasing value of NTU. 

Figure 5 Effect of NTU on mean exit temperature of (a) fluid a, (b) fluid b, and (c) fluid c  
(see online version for colours) 

     

 

The effect of longitudinal wall conduction on mean exit temperature of the three fluids 
has also been given in Figure 6. The effect is very marginal for the co-current flow 
arrangement as observed in Figure 6(a). In case of fluid a and c, the mean exit 
temperature decreases for both flow arrangements by increasing the value of λ from 0 to 
0.05. The maximum decrease in mean exit temperature from 0.5335 to 0.5097 (5.06%) 
for fluid a and from 0.7142 to 0.6915 (3.28%) for fluid c has been observed in case of 
counter-current arrangement, Figure 6(b). The mean exit temperature of hottest fluid b 
increases in case of counter-current flow arrangements whereas it decreases in case of co-
current arrangement. 
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Figure 6 Effect of longitudinal conduction on step response of the three fluids for (a) co-current 
and (b) counter-current arrangement (see online version for colours) 

   

5 Conclusions 

The present work numerically investigates the transient temperature response of co-
current and counter-current parallel flow three-fluid heat exchanger due to perturbations 
provided in flow rates. Step perturbation in flow rates of central (hot) fluid has been 
considered for the analysis. It has been found that the mean exit temperature of all the 
three fluids increases or decreases with the increase or decrease respectively, in flow rate 
of fluid streams ‘b’. The effect of flow perturbation not only affects the magnitude of the 
mean exit temperature of the three fluid streams, it also has a significant impact on the 
transient time of the fluids. The effect of longitudinal wall conduction has also been 
presented in this paper. The numerical results presented in this paper provide insight to 
the design engineers especially for the transient performance of parallel flow compact 
heat exchanger. Incorporating perturbations in temperature will further add value to the 
present results. The analysis becomes very important for design and control of compact 
three-fluid heat exchangers working under varying flow conditions. 
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Nomenclature 

A Area of heat transfer, m2 

Ac Area of cross-section, m2 

c Specific heat of fluid, J/kg K 

C Specific heat of the wall material, J/kg K 

Ea, c-b (mc)a, c /(mc)b, capacity rate ratio 

G Mass flux velocity, kg/m2 s 

h Heat transfer coefficient, W/m2 K 

h' γβh, W/m2 K 

L Heat exchanger length, m 

m Initial mass flow rate of fluid, kg/s 

m' Mass flow rate after time θ, kg/s 

M Mass of the separating sheet, kg 

Na (ηhA/mc)b, dimensionless 

NTU Initial number of transfer units 

NTU' Number of transfer units, equation (14) 

Ra, c-b Conductance ratio = (ηhA)a,c/(ηhA)b 

T 
, , ,( ) / ( )a in b in a int t t t   

T  Dimensionless mean temperature 

t  Mean temperature 

V Heat capacity ratio /c wLA c Mc  

X ( / ) / ( / )b x a xhA mc x L N x L   dimensionless space co-ordinate 

Y ( / ) / ( / )b y a yhA mc y L N y L   dimensionless space co-ordinate 

Greek symbols 

  Thickness of separating sheet, m 

  Overall surface efficiency 

  m m  

  Dynamic viscosity, N–s/m2 

  
- 1( ) / ( )b w bhA hA   

  
1( ) / ( )w wMc Mc  

  Time, s 

  ( ) / ( ) ,b whA Mc  dimensionless time 

1( )   Perturbation in mass flow rate 

  Longitudinal wall conduction 
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Subscripts 

a, b, c Fluid streams a, b and c 

ex Exit 

in Inlet 

max Maximum 

min Minimum 

w Separating wall 

x, y x and y coordinate 

1, 2 Sheet 1 and 2 
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Abstract: This article presents an economic and technical analysis of the 
feasibility of various solar photovoltaic (PV) deployments in Singapore. In this 
study, the Levelised Costs of Electricity (LCOE) methodology is used to 
evaluate the cost of electricity for various solar PV systems that include 
Rooftop PV, Building Integrated PV, Floating PV and Offshore Islets PV 
deployments. Using actual company data on system and operating costs and 
reasonable estimates for irradiation and other key parameters, we find that the 
cost of electricity for rooftop PV deployments is on par with the current 
residential electricity tariff rate in Singapore. In addition, through projections 
of LCOE carried out for various PV deployments, we find that while all PV 
deployments are generally becoming more cost-competitive to match current 
technologies – such as combined cycle gas turbines (CCGT) – floating and 
offshore deployments of PV systems also have the potential to become 
competitive to CCGT by 2025.  
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1 Role of solar PV in Singapore 

Developing renewable energy technologies has always been of considerable importance 
to Singapore, a country that currently imports almost all of its energy sources. While the 
city-state has plenty of sunlight throughout the year, there is relatively little potential for 
other renewable energy sources due to the island’s natural limitations. Singapore lies one 
degree north of the equator: it has a humid tropical climate with no distinctive seasons, 
warm temperatures and calm winds all year round. It consists of the main island and 
numerous small islets with a total area of about 720 km2. These natural factors explain 
why solar photovoltaic (PV) systems are viewed as the main source of renewable energy 
in Singapore. As of 2015, the country had about 30 MWp of PV installed, which is below 
1% of the total installed power generation capacity of 11,000 MW (EMA, 2014). In 
future years, however, the amount of solar PV is expected to increase up to 350 MWp by 
2020 under the recently announced Solar Nova Program (EMA, 2014), and possibly 
beyond if solar PV usage by private rooftop owners is accounted for. 

In general, the development of solar PV in Singapore faces different challenges 
ranging from limitations of space and power grid capacity, to uncertainties in business 
and policy climates which can affect investments in solar PV. In this introduction, we 
outline three key challenges. The first stems from the country’s limited availability of 
space – most of Singapore’s land is allocated for urban development, infrastructure, 
industries and protected natural areas. Due to the limited space, the country’s main form 
of PV systems is distributed rooftop projects. However, beyond rooftops, building-
integrated PV and systems located on offshore islands and inland water bodies are being 
considered as part of Singapore’s efforts to expand solar PV usage. It is estimated that up 
to 18 km2 of additional space could be utilised to deploy solar PV based the current Si 
wafer technology (SERIS, 2013).  

The second challenge relates more to Singapore’s ability to integrate variable solar 
power generation within the power grid. Renewable energy systems such as solar PV and 
wind introduce additional uncertainty in the power system because their output is 
intermittent, i.e. it varies with factors such as intensity of sunshine or wind, cloud cover, 
etc. Therefore, additional frequency control services are required in order to address this 
uncertainty, and more compensation must thus be paid to generators to maintain 
additional spare capacity. Many renewable energy grid integration studies have attempted 
to determine the additional frequency control services required for planned installation of 
renewable energy capacity (Black & Veatch, 2014; Eber and Corbus, 2013). As this issue 
is out of the scope of this study, it is sufficient to say that Singapore is continually 
working on developing its grid capacity to deal with the intermittency problem once PV 
reaches above 600 MWp of installed capacity.  

The third challenge hindering the growth of solar in Singapore has to do with 
business and financing. The recent drop in oil prices has caused a decline in electricity 
tariffs, shrinking profit margins of solar companies and generally resulting in fewer 
investments in the PV industry. Given Singapore’s status as an international financial hub 
in Asia, it may first appear that financing will not be an issue for renewable energy 
companies. However, in reality, this has not been the case. While there is enough 
evidence that LCOE of rooftop solar PV has already reached grid parity, there still exists 
a knowledge gap pertaining to the economic viability of other types of PV deployments. 
In particular, it is uncertain as to what the current LCOE is and at what point one can 
expect cost parity with combined cycle gas turbines.  
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This article addresses the above questions by providing preliminary cost estimates 
and projections for four PV deployments: rooftops, islets, floating and BIPV. In the 
following sections, we discuss our methodologies, results and policy implications of such 
initiatives. 

2 Literature review 

The LCOE methodology is commonly used to evaluate the economic feasibility of 
energy projects which have been outlined in numerous studies and reports. LCOE 
considers the lifetime generated energy from a given project and costs of this project, and 
estimates a price per unit energy generated. Factors like system size and technology, 
solar radiation and project costs play an important role when determining LCOE.  

The works by Yang (2010), Branker et al. (2011), Darling et al. (2011), and 
Fraunhofer ISE (2013) present the methodologies of LCOE calculation in detail and 
acknowledge the usefulness of LCOE calculations as a measure of cost parity when 
comparing various power generation technologies. Branker et al. (2011) in particular, 
highlight the difficulties related to the LCOE calculations in the existing literature, such 
as the lack of uniform standards for underlying assumptions. This can in turn lead to 
large variations in LCOE results, even for similar technologies, and difficulties when 
interpreting the results. Bazilian et al. (2013) also view the quality of LCOE estimates as 
highly dependent on the completeness and accuracy of the metric used to calculate the 
lifetime generation cost of solar PV electricity.  

When calculating LCOE, it is therefore important to use technological and financial 
details representing PV systems that have been studied as closely as possible. In cases 
where some data is not available, it is possible to use parameters obtained from similar 
systems and markets, and to perform a sensitivity analysis in order to account for 
possible uncertainties.  

Country-specific empirical evidence of the impact of differences in assumptions on 
LCOE of solar is available. For Singapore, the study by Doshi et al. (2011) analysed 
LCOE of solar PV in 2010 and found the value to be S$0.26 – way above today’s 
industry standards. Needless to say, the average cost of solar PV modules has dropped by 
more than two times since the study was published, and this illustrates why using LCOE 
as a future benchmark can be difficult, unless realistic assumptions and justifications are 
made beforehand.  

The study by Bobinaite and Tarvydas (2014) analyses the effects of different 
financing instruments and their corresponding required rates of return on LCOE 
estimations in the local context of Lithuania. The cost of financing is an important factor 
affecting LCOE, and it is often represented in a simplified manner, such as by using 
uniform discount rates when calculating expected returns. This approach may not always 
apply to the actual situation with project financing, since it neither reflects the actual 
risks of single projects, nor does it account for benefits such as tax breaks, accelerated 
depreciation and various other incentives offered to the renewable energy industry by 
policy-makers (Ondraczek et al., 2015).  
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3 Economics of solar PV in Singapore 

3.1 Methodology 

This article adopts the Levelised Costs of Electricity (LCOE) methodology to evaluate 
the cost of electricity generated by four PV deployment types over their lifetime; 
Rooftop, Floating, Islets and BIPV. LCOE is obtained by dividing the discounted sum of 
annual costs by the discounted total electricity generated over the plant’s lifetime (n). 
The costs include initial investment cost and loan repayments (It), operation and 
maintenance costs (Ot), debt financed interest payments (Ft) and decommissioning costs 
(Dn). The annual solar yield (St) is multiplied by a degradation factor (1 – d) which 
reflects the decrease in module efficiency. This in turn reduces the electricity output with 
time. We calculated the LCOE for discount rates of 4, 6 and 8%. The LCOE can be 
represented as shown below. 
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A key variable in the LCOE calculations is the estimation of annual solar yield. Given 
that annual solar yield is highly location-specific, it is important to have a good estimate 
of the available solar radiation in the study area. The average yearly solar radiation for 
Singapore (H, kWh/m2a) was obtained from Jiang (2007); EMA (2014) and the National 
Environment Agency, Singapore (NEA) and was recalculated by us for the module tilt of 
10 degrees which is common in Singapore. Using this information as well as size (Ppeak) 
and performance ratio (PR) of the system, we estimated the average yearly electricity 
output in kWh (AC) in as follows: 

St = Ppeak  PR  H (2) 

Table 1 summarises the parameters used in LCOE calculations: 

Table 1 LCOE calculation nomenclature 

t Year t 

n Project lifetime (years) 

It Loan repayment for year t ($) 

Ot Operation and maintenance costs for year t ($) 

Ft Interest expenditures for year t ($) 

Dn Decommissioning cost at end of project lifetime ($) 

St Solar yield in year t (kWh) 

d Degradation rate of solar panels 

Ppeak System size (kWp) 

PR Performance ratio = 76% 

r Discount rate, % 

h Annual solar irradiation (kWh/m2) 
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3.2 Data and assumptions 

In order to source for and verify our data, we performed interviews with eight solar 
companies operating in Singapore and which together hold more than 20 MWp of 
installed capacity. The interviews were performed on an anonymous basis, and provided 
our input data for physical and financial parameters. This information was verified with 
the data available in the public domain, such as SERIS (2013), and was found to have 
only minimal differences. Table 2 below summarises the main physical and financial 
estimates were used in this study. 

Table 2 Summary of estimates and assumptions 

Estimated Parameter  Rooftop Floating BIPV Islets Sources+ 

P
hy

si
ca

l 

Solar irradiation (kWh/m2a) 1160 648++ 1160 
(Jiang, 2007,  
NEA 2015) 

System (kWp) 1 7000 Indicative 

Degradation rate Estimated to be 0.75% annually (Doshi et al., 2013) 

Average lifespan (years) 25 15 25 Indicative 

F
in

an
ci

al
 

System costs (S$) 2.1 4.2 8 2.1 Indicative 

Contingency costs  5% of system costs (IEA, 2010, p.43) 

O&M Costs (% of system 
costs) 

1 2 0.5 Indicative 

Interest expenditures 

Weighted average cost of capital 
(WACC) assumed at 4–8%  

(used as discount rate) 
Leverage ratio :100% 

Own estimates 

Decommissioning cost  5% of total system cost (IEA, 2010, p.43) 

Notes: + Indicative estimates are based on the experts’ consultation. 
  ++ Calculated based on solar irradiation estimates for BIPV provided in 

(SERIS, 2013, p.72). 

3.2.1 PV system specifications 

A typical PV system consists of many elements whereby each can have different 
specifications. These differences lead to a large variety of PV systems and difficulties 
when obtaining technical and financial details that characterise a given system. Because 
the main purpose of this article is not to present a technical analysis of PV installations, 
we chose a widely common approach to represent a system in terms of peak power, a 
function of the cell efficiency and PV area (Boxwell, 2014). For islets, the system was 
estimated to be 7000 kWp, based on a possible useful area at Semakau Island, one of 
Singapore’s offshore islands. We chose this size in order to estimate the cost of 
interconnecting this system with the main island. The calculation for other deployments 
was normalised on a kWp basis, because much of our data on costs was sourced per kWp 
of PV. The annual system’s degradation rate was kept constant across all four PV 
deployments.  

Upon government consultation, cost estimates for undersea cables required for islet 
PV deployments and rental fees that have to be assumed for PV located in public areas 
such as floating systems were sourced. For BIPV systems, we did not include possible 
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additional costs of framing, adhesives and materials to mitigate heat gains (NREL, 2011) 
due to limited availability of this specific data. Nevertheless, we acknowledge that these 
parameters could increase the LCOE of BIPV systems even further. Due to a non-
disclosure policy of interviewed companies, we are unable to list the detailed breakdown 
of PV system costs. 

3.2.2 Sensitivity analysis 

To account for uncertainties in used parameters, we conducted a sensitivity analysis 
based on the range of cost and technical estimates obtained from PV developers. Other 
sensitive parameters, such as solar radiation, weighted average cost of capital (WACC) 
and performance ratio of PV, were assumed to range from 70% to 130% of the base 
value. By linking the parameters together, we derived the case scenarios that could affect 
the LCOE of PV systems today and in the future projections. These scenarios are 
summarised in Table 3 below.  

Table 3 Data assumptions for sensitivity analysis 

 Input parameters Best case Base case Worst case 

Sy
st

em
 c

os
ts

 
(S

$/
W

p)
 Rooftops 1.90 2.11 2.50 

BIPV 6.00 8.00 10.00 

Floating 2.63 4.39 7.10 

Islets 1.90 2.11 2.50 

O
 &

 M
 c

os
ts

  
(%

 o
f s

ys
te

m
 

co
st

s)
 

Rooftops 0.9 1.0 1.8 

BIPV 0.5 1.0 1.8 

Floating 1.4 2.0 2.6 

Islets 1.4 2.0 2.6 

3.2.3 Discount rate 

The choice of discount rate used for LCOE calculations can significantly affect the final 
results, as LCOE generally increases when discount rates grow. The choice of discount 
rates is typically dependent on the location and the terms of a project. Although we have 
previously acknowledged that using uniform discount rates may not be the most accurate 
way to represent the cost of financing renewable energy projects, we believe that in the 
specific case analysed here, the uniform cost of financing can be assumed. 

In general, discount rates are lower in the markets with low risks, stable policy 
climates and investors who are familiar with the PV industry. Also, large PV projects that 
involve mature stakeholders with strong credit ratings can benefit from lower discount 
rates. Discount rates are generally higher for the equity investors, as they are tied to 
higher returns and can reach values of up to 10–15%. Given that our analysis reflects PV 
developments backed by the Singapore government, such as the Solar Nova program, we 
used uniform discount rates, because the projects will be backed by the public sector and 
have a similar financing structure for all deployments. Our choice of discount rates is 
between 4% and 8%. The lowest discount rate is estimated from a yield on a long-term 
government treasury bond which is currently about 3%. We have added a risk premium 
of 1–5% to reflect the involvement of private EPC companies who would be responsible 
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for building the solar installations. Given that project development in our case is backed 
by the public sector, we chosen the 100%-debt-financed project. It should be mentioned 
that private developers would unlikely achieve such a high leverage ratio for their 
projects and would thus have to turn to private equity or balance sheet financing for 
funding. Given an estimated cost of equity of about 12–15%, this would increase the 
weighted average cost of capital up to 8% and beyond. 

3.3 LCOE projections 

As a part of our analysis, we created projections of LCOE for studied PV deployments up 
to 2030. For this purpose, we employed the commonly established concept of experience 
curves and assumptions on future module costs and future balance of system (BOS) 
costs. In this study, only the future changes in system costs were considered, because 
other components of BOS have less or no established relationships between produced 
amount and costs (IEA, 2010). We also assumed no significant change in parameters 
such as solar radiation and policy regulations related to financing and rental costs over 
the studied period. 

3.3.1 Experience curves 

The cost of solar modules has dropped by more than eight times over the past two 
decades with a recent reduction by more than two times since 2010. According to Mints 
(2012), who notes changes in costs of crystalline silicon module since 1982, this was 
mostly due to economies of scale. Similar claims were made in studies by IEA (2010) 
and Fraunhofer ISE (2013). Describing technological advancement and cost reductions of 
solar PV technologies, these studies use the concept of ‘experience curves’, which stand 
for a relationship between the cumulative produced quantity and the unit costs of a 
product (Fraunhofer ISE, 2013). Therefore, this concept can be used to project the 
development of module costs as a function of the total installed PV capacity, and 
therefore project the LCOE as more and more PV is added globally. The experience 
curve approach can be expressed as follows: 

0
E

tP P X    (3) 

where: 

tP  is the real module price at time t, 

0P  is a constant, 

X  is the cumulative installed capacity in GW, and 

E  is the experience parameter 

Historical module prices and cumulative installed capacity data from Bloomberg (2014) 
and Mints (2012) were used to provide the estimated experience curve with a learning 
rate of 17%, which is consistent with previous studies by (Van der Zwaan and Rabl, 
2004; Williams and Terzian, 1993). After estimating the learning rate parameters, we 
used the data from Bloomberg (2014) for solar PV capacity projections in order to 
estimate solar PV module costs and LCOE up to 2030.  
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3.3.2 Change in balance of system (BOS) costs 

The balance of system (BOS) includes all components of a photovoltaic system other 
than the modules, such as structures for mounting the PV arrays, inverters, meters and 
cables. BOS costs comprise a significant portion of system costs, especially for 
deployment types such as BIPV and floating PV. Given the novelty of these deployment 
types, predicting associated future BOS costs can be quite challenging, making it a key 
uncertainty in our LCOE projections. Considering the limited time frame of this project, 
a preliminary attempt was made to estimate BOS costs for the future. We found that 
average BOS costs as a fraction of system costs, would grow at a cumulative annual 
growth rate (CAGR) of 2% (Bloomberg, 2014). Currently BOS costs represent 
approximately 50% of total system costs for rooftop solar PV deployments in Singapore 
(SERIS, 2013). Applying a CAGR of 2% on BOS costs across the four deployment 
types, we could provide preliminary estimates of system costs up till 2030 that were used 
in our LCOE projections. 

4 Results 

4.1 2014 LCOE for varying PV deployments  

The results of the LCOE calculation for the year 2014 across four deployment types are 
listed in Table 4. System costs and O&M costs of industry data provided by MTI were 
used to compute the best-case, base case and worst-case LCOE (see Table 3). The 
difference in calculated values reflects varying costs associated with project financing 
and operations, since all development types except BIPV have approximately the same 
power output per kWp of capacity. 

Table 4 Levelised cost of electricity of different PV systems in Singapore 

PV deployment type Best-case LCOE, 
S$/kWh 

Base-case LCOE, 
S$/kWh 

Worst-case LCOE, 
S$/kWh 

Rooftop 0.170 0.192 0.255 

Islets 0.199 0.230 0.301 

Floating 0.276 0.444 0.703 

BIPV 1.500 2.105 2.850 

Among the four deployment types, rooftop systems have the lowest cost per unit  
of electricity generated (0.192 S$/kWh), followed by islets (0.230 S$/kWh), floating 
(0.444 S$/kWh) and BIPV developments (2.105 S$/kWh). It is worth noting that both 
rooftop and islet systems reach cost parity with Singapore’s residential electricity tariff 
(0.257 S$/kWh as of July 2014) while floating deployments exceed the latter by a 
significant margin, and even more so for BIPV deployments.  

The current LCOE value obtained for the rooftop panels suggests it is the most viable 
option for developing solar PV capacity in Singapore. This is because rooftop PV 
systems are already well established in the local market and can reap the benefits 
resulting from economies of scale and market competition. Although islet systems are 
very similar in characteristics to rooftop PV installations (e.g. in terms of system costs, 
lifespan and sunlight availability), additional transmission and distribution (T&D) and 
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rental expenditures add to the cost of electricity. The incremental impact of these 
components depends on the total installed capacity of the development. With an 
increasing project scale, T&D costs would comprise a proportionately smaller portion of 
project costs and affect the LCOE to a lesser extent. For the smaller projects, on the other 
hand, including the T&D component poses a serious limitation if the government’s goal 
is to develop a cost-competitive PV source offshore. Another possible way to reduce the 
LCOE of islets PV is to use generated electricity on-site, instead of transmitting it via 
cables to the main island. One such way would be to supply power to the waste treatment 
facilities at Semakau Island. In so doing, the LCOE can benefit from the costs savings 
associated with a lower amount of T&D infrastructure necessary for deployment. 

The LCOE results for floating and BIPV installations are significantly higher than 
those of rooftop and islet systems. As noted in Table 4, the base-case cost of electricity 
from floating PV panels is about 0.444 $S/kWh and the base-case cost for BIPV systems 
is about 2.105 S$/kWh. Such high LCOE results are due to high system costs and a 
limited availability of the solar resource, and shorter lifetime for the BIPV panels (see 
Table 2). High systems costs could also reflect the companies’ uncertainty over the 
viability of floating and BIPV deployments in Singapore, given the country’s lack of 
project experience to date. Furthermore, system costs of floating and BIPV systems 
would factor in additional materials like framing and mounting structures that translate 
into higher LCOE (NREL, 2011). Reducing the uncertainty of the involved costs by 
providing more industry estimates is crucial for the final assessment of the floating PV 
applications because this deployment type is very close to reaching grid parity under the 
best-case scenario. For the BIPV systems, we do not see the cost of electricity reaching 
grid parity under current circumstances.  

4.2 Sensitivity analysis 

This section provides a one-way sensitivity analysis of the LCOE results for the four PV 
deployment types. Key sensitive parameters include: solar irradiation, WACC, module 
cost, O&M costs and T&D costs (if applicable). For floating and BIPV systems, we 
chose sensitivity analysis based on total system costs due to the lack of accurate 
information about the share of module costs in the total system costs for these 
deployments.  

Figures 1 and 2 illustrate the sensitivity analysis of rooftop and islets LCOE. The 
vertical line in the middle of the figure represents the base-case LCOE value while the 
horizontal bars represent its variability depending on the change of the input parameters. 
For example, it can be seen how changing the solar radiation value from 1069 to 1985 
kWh/kWp for the rooftop PV reduces the LCOE from approximately 0.276 to 0.143 
S$/kWh.  

Figures 1 and 2 suggest generally similar results for both solar and islets deployment 
types. It can be observed that LCOE is significantly affected by the amount of sunlight 
received, module costs and WACC (swing is at least 25% of base LCOE of rooftop PV). 
Operation and maintenance costs have a small influence on the LCOE, since they 
constitute only a minor portion of the total costs. Similarly small impacts are caused by 
T&D costs for an islets system of 7000 kWp size. We can also see that the sensitivity 
bars are skewed to the right side of the distribution which is reflected by the parameters 
of solar radiation, module costs and O&M costs. This implies that the economics of PV 
are subject to greater uncertainties associated with high project costs and low sunlight 
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levels. In other words, it is unlikely that module costs will fall below the minimum of 
0.931 S$/Wp; however, they can also reach as high as 1.125 S$/Wp. Similarly, the O&M 
cost factor is not expected to pass the 0.009 mark, but can go up to 0.018. In addition  
to this, it should be noted that the spread of solar radiation is symmetric (ranging from 
70–130% of the base value) while the sensitivity bar of LCOE is distributed unevenly. 
This implies that the electricity cost is more affected when irradiance falls below average 
levels, suggesting that total solar radiation overestimates have a lower impact on LCOE 
than its underestimates. 

Figure 1 Sensitivity analysis of LCOE for rooftop systems 
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Figure 2 Sensitivity analysis of LCOE for islets systems 
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Figures 3 and 4 showcase the sensitivity analysis of floating and BIPV deployments. Due 
to limited data availability on the BOS of these systems, we performed the sensitivity 
analysis based on total system costs which comprise both module and BOS costs.  

Figure 3 Sensitivity analysis of LCOE for floating systems 

 

Figure 4 Sensitivity analysis of LCOE for BIPV systems 

 

The wide range of cost estimates surveyed from industry sources resulted in significant 
variations of the LCOE. This wide range reflects the fact that floating and BIPV systems 
are still relatively new to the market and companies. Thus firms find it difficult to obtain  
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robust estimates of the system costs. We believe that over time, this uncertainty can be 
minimised, as more projects will be completed and will provide further clarifications as 
to the costs involved. 

4.3 2030 LCOE projections for varying PV deployments  

Considering the fact that major price reductions have occurred in the PV industry since 
2011, it is important to understand how the LCOE of solar systems would evolve in the 
future and how competitive they will be vis-à-vis CCGT. For this purpose, we 
constructed LCOE projections for the selected PV systems up to 2030 by using the 
concept of experience curves and learning rates as discussed in section 2. The results 
were then compared with hypothetical future cost estimates of power generation via 
CCGT technology. The final results were presented for every PV deployment in four 
separate sections, as follows: 

1 The first graph in each section illustrates the LCOE projections for three rates of 
WACC, which are 4%, 6% and 8% respectively, and a learning rate of 17%.  

2 The second graph in each section illustrates the LCOE projections for learning rates 
of 14%, 17% and 20% with a uniform WACC of 6%. 

3 The third and fourth graphs in each section compare the future LCOE of PV and 
CCGT. For the future LCOE of CCGT, a high-cost and low-cost development 
scenario was considered for energy and electricity costs separately. As for the future 
LCOE projection of PV, three scenarios were considered (see Figure 5), namely: 

a Base-case LCOE and a learning rate of 17% 

b Worst-case LCOE and a learning rate of 14% 

c Best-case LCOE and a learning rate of 20% 

4.3.1 Rooftops 

Our forecast suggests a continuous decrease in the LCOE values over the next 15 years 
across all scenarios. Figure 5 displays the influence of WACC on the LCOE under an 
average learning rate of 17%. Here, symmetrical LCOE curves illustrate that the 
difference between projected values is proportional to selected WACC (average increase 
of 0.026 S$/kWh for 2% increase in WACC). Figure 6 displays the influence of different 
market development assumptions on the LCOE expressed through the learning rate of an 
experience curve. It can be observed how a higher learning rate translates into a steeper 
line of cost reduction and a lower LCOE. Given the WACC of 0.06, the cost of electricity 
from rooftop deployments in 2030 could range between 0.129 S$/kWh and 0.163 
S$/kWh, depending on the actual learning rate. Figures 7 and 8 reveal that the cost of 
electricity from the rooftop systems is already on par or below the gas-fired power 
generation for the base and best-case LCOE scenarios. This gap could become even 
wider under the current trend of solar LCOE if the cost of CCGT continues to grow. The 
worst-case scenario is projected to be more expensive and could potentially reach parity 
with the CCGT high electricity cost scenario in 2019 and beyond.   
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Figure 5 LCOE projections of rooftop PV for different WACC (see online version for colours) 
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Figure 6 LCOE projections of rooftop PV for different learning rates (see online version  
for colours) 
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Figure 7 Projections of rooftop LCOE and energy cost of CCGT (see online version for colours) 

 

Figure 8 Projections of rooftop LCOE and electricity cost of CCGT (see online version  
for colours) 
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4.3.2 Islets 

Figures 9 and 10 display similar situations to those already discussed in the previous 
section. The influence of WACC on LCOE for islets is comparable with the rooftop 
deployment due to a slight difference in project costs. Applying different learning rates 
results in a forecasted LCOE of 0.166 to 0.200 S$/kWh in 2030, the best-case projection 
of LCOE for islets PV could reach the energy cost of CCGT in 2017, while the base-case 
projection could reach the energy cost of CCGT in 2022, considering the high-cost 
pattern of the gas-fired generation (see Figure 11). Rated against the electricity cost of 
CCGT, both the base and best-cases are already below that in 2014, suggesting that islets 
PV could possibly be the next best deployment following rooftop for short- to medium-
term PV adoption in Singapore (see Figure 12).  

Figure 9 LCOE projections of islets PV for different WACC (see online version for colours) 

 

4.3.3 Floating 

The cost of electricity from the floating solar panels will steadily fall in the coming years 
and could reach values of 0.305 to 0.379 S$/kWh for a WACC of 0.06 in 2030 (see 
Figure 13). For floating PV systems, only under best-case LCOE projections could the 
LCOE reach the level of gas-fired power generation. This could happen either in 2026 for 
the high CCGT energy cost scenario, or in 2018 for the high and low scenarios of CCGT 
electricity costs (see Figures 15 and 16). 
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Figure 10 LCOE projections of islets PV for different learning rates (see online version  
for colours) 

 

Figure 11 Projections of islets LCOE and energy cost of CCGT (see online version for colours) 
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Figure 12 Projections of islets LCOE and electricity cost of CCGT (see online version  
for colours) 

 

Figure 13 LCOE projections of floating PV for different WACC (see online version for colours) 
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Figure 14 LCOE projections of floating PV for different learning rates (see online version  
for colours) 

 

Figure 15 Projections of floating PV LCOE and energy cost of CCGT (see online version  
for colours) 
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Figure 16 Projections of floating PV LCOE and electricity cost of CCGT (see online version  
for colours) 

 

Besides learning rates, there could be other considerations for floating and BIPV 
deployments that must be taken into account. Reduction of other cost factors in addition 
to decrease in module prices might also be relevant. These factors include, for example, 
infrastructure and materials expenditure, building renovation costs and the higher O&M 
component. Depending on the BOS, a reduction of these costs over time could translate 
to a steeper LCOE trajectory. We suggest closely monitoring the BOS of new 
technologies and to update the LCOE analysis once more data sources are available. 

4.3.4 BIPV 

BIPV systems remain the costliest technology among all the flexible PV deployments 
over the entire time frame (see Figures 17–20). Despite the projected decrease in the 
LCOE, the costs of BIPV systems will remain significantly higher than the costs of gas-
fired power and other PV deployments. Assuming a WACC of 0.06, the corresponding 
LCOE in 2030 could be somewhere between 1.410 S$/kWh and 1.783 S$/kWh.  

It is worth considering that in some cases, BIPV modules can be used instead of 
building materials and can thus help save costs otherwise incurred by traditional roofing 
methods. Moreover, compared to off-roof mounted systems, BIPV installed directly onto 
building roof surfaces show higher performance losses (NREL, 2011). At the same time, 
BIPV systems may occupy space on the buildings that could otherwise be used for 
advertising and which generates revenue for the buildings’ owners. Quantifying the 
influence of these aspects on the LCOE is beyond the scope of this article; however, we 
recognise the need to highlight these details. Even under such uncertainty, our study 
suggests that BIPV may not become a cost-competitive power source in the foreseeable 
future, unless its deployment costs drop sharply or the design of BIPV modules allows 
for a higher portion of solar radiation to be received.  
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Figure 17 LCOE projections of BIPV for different WACC (see online version for colours) 

 

Figure 18 LCOE projections of BIPV for different learning rates (see online version for colours) 
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Figure 19 Projections of BIPV LCOE and energy cost of CCGT (see online version for colours) 

 

Figure 20 Projections of BIPV LCOE and electricity cost of CCGT (see online version  
for colours) 
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5 Conclusions 

This study investigated the economic competitiveness of four solar PV deployment types 
in Singapore, including rooftops, islets systems, floating PV and building-integrated 
photovoltaic (BIPV) panels. We applied the levelised cost of electricity (LCOE) concept 
and used information about yearly solar radiation, as well as technical and financial 
parameters, to evaluate the cost of electricity generated from these four deployments. 
This article also analysed possible future trajectories of LCOE by applying the concept of 
the experience curves and learning rates. This method was used to estimate the future 
development of the module prices as a function of the cumulative installed PV capacity 
and to translate it into resulting electricity costs. The results were then compared to  
the projected costs of the combined-cycle gas-fired power to assess the future 
competitiveness of solar PV applications.  

The analysis showed that some solar deployments are already cost-competitive with 
conventional power sources without any form of governmental subsidies (taking into 
account oil prices in late 2014). Among the different solar PV applications, rooftop and 
islets PV systems have the highest competitive potential, with the LCOE values below 
the current residential electricity tariff and on par with the cost of CCGT in 2014. In 
particular, rooftop PV systems are able to achieve a similar level of electricity costs 
under the base-case scenario, and are likely to be competitive in the future. The 
sensitivity analysis showed that the LCOE is most sensitive to changes in solar radiation 
followed by WACC and module costs.  

Future development of the LCOE from rooftop PV deployments will be mainly 
driven by the development of the module costs and other key elements of a PV system, 
and will gradually decrease as the cumulative installed PV capacity rises. Rooftops, islets 
and floating PV systems would remain cost-competitive vis-à-vis the conventional power 
in Singapore and even gain an economic advantage in light of decreasing module prices, 
if the gas price remains at or above the levels in late 2014. 

The sensitivity analysis of the current LCOE and the LCOE cost projections illustrate 
how the fluctuating nature of solar radiation, costs assumptions provided by solar 
companies and the level of policy intervention in the power sector result in significant 
deviations in the LCOE. More importantly, though, one must recognise that each of these 
parameters is associated with a set of assumptions. In many cases, there is a sufficient 
uncertainty pertaining to those parameters that limits the validity of the LCOE results. A 
more rigorous uncertainty and risk analysis, using methods such as Monte Carlo 
simulations, could provide additional insights into this issue and possibly narrow down 
the degree of uncertainty related to novel PV deployments. 

6 Policy implications 

A country’s policy framework on renewable energy is a crucial driver behind the 
development of sources such as solar and wind. As it was shown in this analysis, the 
decreasing LCOE creates opportunities for solar PV technologies to be cost competitive 
against fossil fuel power sources in Singapore. However, the LCOE of flexible 
deployments have to go further down before they become economically viable. 
Therefore, when long-term domestic PV capacity planning should give priority to the  
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established rooftop technology. As the costs of flexible deployments will decrease over 
time, islet PV, floating and BIPV systems can be developed along with existing rooftop 
systems.  

It should be kept in mind that solar energy sources provide additional benefits and 
costs which extend beyond the LCOE framework. PV reduces carbon emissions of 
electricity systems and improves their energy security. Moreover, PV can add value by 
reducing peak electricity prices which generally coincide with hours of maximal 
sunshine. On the other hand, there is also a need to consider additional costs of grid 
integration and management of intermittent solar power either through frequency control 
services or through energy storage technologies. The amount of investment required 
depends on a wide range of parameters, including the size and configuration of the 
electricity system and the share of intermittent sources as a proportion of total installed 
capacity. Policymakers responsible with renewable energy development are advised to 
estimate the total value of solar PV deployments in addition to the LCOE concept.  
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Abstract: Computational fluid dynamics (CFD) has become a very useful tool 
to study the wind flow patterns over complex terrains. The present work 
evaluates the performance of some well-known CFD software for this 
endeavour. The CFD software considered are OpenFOAM and WindSim, each 
solving numerically the Reynolds Average Navier-Stokes (RANS) equations in 
the turbulent regime using the standard k-ε model. Different terrain complexity 
ranging from smooth terrain to more complex ones are considered: the 
Askervein and Bolund hills. Simulated results were verified and compared 
against actual measurements. The study concludes that, for more complex 
rough terrains, WindSim gives more accurate results as compared to 
OpenFOAM.  
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1 Introduction 

To assess the wind energy potential of a specific location, knowledge of the wind flow 
patterns and its characteristics over the region are very essential. The installation of wind 
collection system for on-site measurements over sufficiently long-term periods helps in 
this endeavour. The accuracy in the prediction of the wind power, though, can be 
unreliable, especially when the wind flow is very turbulent with high shear factors in 
complex terrains. Due to the difficulties involved in direct measurements of wind over 
such type of terrains, alternative methods such as state-of-the-art computer simulations 
have become extremely useful (Houda et al., 2012). However, the current standard 
approach for this component in a wind assessment involves the use of linear models such 
as the Wind Atlas Analysis and Application Program (WASP). Linear models use linear 
equations to describe the behaviour of the flow over a territory, but can encounter some 
problems in evaluating wind characteristics when the region becomes complex such as 
hills, steep mountains and valleys (Hunt et al., 1991; Palma et al., 2008). With the help of 
high speed and large memory computers as well as the development of more efficient 
numerical algorithms, the use of Computational Fluid Dynamics (CFD) is now being 
increasingly employed in wind flow analysis. The wind energy sector is slowly but 
progressively incorporating CFD as a complement to the traditional linear models for 
studying wind flow over complex terrains, forest areas and so on.  

A well designed model output can be used to effectively assess the wind speed and 
the power potential of any particular site. Unfortunately, some CFD models, although 
they give accurate results for other engineering problems involving flow of fluids, fail to 
give acceptable results for the wind flow patterns when the terrain comprises of hilly and 
mountainous landscapes (Moreno et al., 2003). Hence, modellers have to perform a 
different battery of tests in complex orography and compare their numerical results with 
observed data before adopting a particular numerical tool. A brief review of the wind 
energy literature reveals that in recent years, there has been an increasing development of 
suitable numerical models for computing the wind flow over a given region (Gravdahl  
et al., 2012). Modern CFD tools have already proved essential for modelling wind flows 
over complex rural terrains (Kalmikov et al., 2010). They can provide location specific, 
height specific, and time specific wind information. There are numerous commercial 
CFD software which have been developed for simulating wind flow patterns and which 
are able to provide an estimate of the wind power. Most of the packages work accurately 
when the terrain is flat or with gentle hills. But when it comes to complex orography, 
then difficulties may arise. 
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In this paper, a battery of tests were performed on two CFD software for wind flow 
analysis: WindSim and OpenFOAM. The objective is to compare their accuracy in 
computing the wind flow patterns over complex terrains such as the well-known 
Askervein and Bolund hills. 

2 Mathematical Modelling of wind flow 

The fluid flow in the Atmospheric Boundary Layer (ABL) is governed by the Navier-
Stokes equations which incorporate the mean mass and momentum conservation laws for 
the system. In this work, we assume that thermal effects on the wind flow are negligible 
since the mean atmosphere is neutrally stratified. Moreover, the flow is considered to be 
steady and turbulent. The velocity is denoted by = ( , , )T

x y zu u u u


, pressure by p , density 

by   and fluid kinematic viscosity by  . By decomposing the variables into mean value 

and oscillating value (eg. =i i iu u u , where = , ,i x y z ) to describe turbulent flows, the 

Reynolds-Averaged Navier-Stokes (RANS) equations are obtained (Launder and 
Spalding, 1974): 
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t  is the turbulent viscosity which is given as  
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where k is the turbulent kinetic energy,   is the dissipation rate of kinetic energy  
and ,i j  is the Kronecker delta. Turbulence effects are modelled using the k-   transport 

equations which are formulated as follows:  

  = ,t
j k

j j k j

k
ku P

x x x

 


    
        

 (5) 

 
2

1 2= .t
j k

j j j

u C P C
x x x k k

   


    
        

 (6) 

 

 



   

 

   

   
 

   

   

 

   

   184 A.Z. Dhunny, M.R. Lollchund and S.D.D.V. Rughooputh    
 

    
 
 

   

   
 

   

   

 

   

       
 

The constants C , k ,  , 1C  and 2C  are defined in Table 1. The variable kP , which is 

the turbulent kinetic energy production, is given by  

= .ji i
k t

j i j

uu u
P

x x x

  

     
 (7) 

Table 1 Constants for k-  turbulence model 

Cμ σk σε C1 C2 

0.119 1.000 1.301 1.564 1.920 

The inlet boundary conditions stated by Richards and Hoxey (1993) are usually used for 
simulating the neutral ABL. The profiles obtained for the velocity, turbulent kinetic 
energy and turbulent kinetic energy dissipation are used as inlet conditions in the 
computational domain for ABL simulations in both WindSim and OpenFOAM for all 
cases in this article. Owing to the fact that the height of the computational domain is 
often significantly lower than the ABL height, these profiles are generally simplified by 
assuming a constant shear stress with height throughout the boundary layer (Blocken  
et al., 2007; Martinez, 2011; Balogh et al., 2012). Thermal stratification and Coriolis 
effects are also ignored. 

On using the standard k-ε transport equations for turbulent kinetic energy, the 
Richards and Hoxey (1993) inlet profiles for a homogeneous ABL can be written as 
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where oz  is the roughness length and *u  is the ABL friction velocity,   the Von 

Karman constant (0.40–0.42)and C  is the model constant of the standard k-ε model. 

3 CFD modelling of wind flow 

A CFD model is concerned with finding numerical solutions of the local wind flow 
patterns by solving the Reynolds-Averaged Navier-Stokes (RANS) equations over a 
given domain in which the topography of the site can be specified. In the following 
sections, a brief review of the application of OpenFOAM and WindSim CFD packages in 
the study of wind flow is given. 

3.1 OpenFOAM 

OpenFOAM (Open source Field Operation And Manipulation), was amongst the first 
software developed for CFD applications in the 1980s. Meshing of the domain is 
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performed by blockMesh and refined with snappyHexMesh. OpenFOAM uses the finite  
volume method with the SIMPLE algorithms to solve the RANS equations iteratively. 
Since it is an open source software, OpenFOAM keeps getting updated by users 
worldwide who add new modules to improve the existing ones or more elaborate ones for 
new implementation. Over the years, OpenFOAM has been incorporated in the wind 
research sector for many different applications. Kalvig (2011) and Zhang (2013) have 
employed OpenFOAM for the simulations of wind flow over the Bolund hill. Their 
results indicated that the simulations under-predicted the experimental data for some 
cases. Peralta et al. (2013) have modelled the placement of a wind farm near a forest in 
Oldenburg. They used the k-ε  model for the turbulence closure and designed their forest 
as porous cells in OpenFOAM. They have been able to demonstrate that placing a wind 
farm next to a forest will not be beneficial. 

OpenFOAM has also been compared with numerous software: Bichet et al. (2013) 
compared it with Meteodyne software by simulating wind flow over a complex terrain in 
France. Though Meteodyne has been specifically adapted for flow over complex terrains, 
OpenFOAM showed comparable results. Dose et al. (2013) compare the simulated flow 
around a turbine using ANSYS CFX and openFOAM. Both software used k -  SST 
turbulence model. Here too, both software output similar results, though the modelling 
done with CFX was more stable and faster. Many other mentions can be made whereby 
OpenFOAM has made its proof in the wind industry, including wind farm wake 
modelling (Javaheri and Cañadillas, 2013), forecasting of energy on offshore wind farms 
modelling (Kalvig et al., 2013), and for the design of wind turbines (Bouwman, 2013) 
among many others. 

3.2 WindSim 

WindSim is a commercial CFD software developed in 2003 by Vector AS to build the 
Norvegian Atlas. It solves the RANS equations by using the finite volume method and 
has the CFD model PHOENICS as its core solver (Meissner, 2010). WindSim has made 
its proof in different parts of the wind research sector, from successful simulation of wind 
flow over wind farms to power prediction for wind turbines. WindSim uses the relative 
wind speed (speed-ups) to transfer the measured wind data from met masts to other grid 
points. This method enables modellers to obtain the real wind speed in the simulations. 

WindSim has been compared and tested with different packages. Albrecht and 
Klesitz (2006) outlined the pros and cons of the wind flow modelled by WindSim and 
WASP. They deduced that WindSim generated very good results as compared to the 
linear WASP model and that, the larger the domain is taken the better the results 
generated by WindSim. Gravdahl and Harstvei (2000) studied the flow of wind along the 
Norwegian Coast. Experimental data obtained from localised measurement masts have 
been compared with simulated ones from WindSim. A good correlation was reported 
between the measured and numerically solved results. Berge et al. (2012) compared 
results between WaSP and two CFD packages: WindSim and 3D Wind. Using one year 
of measured data from a complex site in Western Norway they demonstrated that the 
CFD models provided information about the turbulent characteristics of the flow unlike 
the linear model. A similar study has been conducted by Schaffner and Gravdahl (2003), 
when they compared CFX-4, WindSim and the linear WaSP model, yielding similar 
conclusions. 
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Overall, WindSim has made its proof in the wind sector, especially with its Annual 
Energy Production module, it has surpassed other CFD codes with which it has been 
compared. However, to our knowledge, no comparative study has been done for flow 
simulations performed by WindSim and OpenFOAM mainly on complex terrains. 

4 Spatial analysis, boundary and initial conditions 

To compare the performance of each software utilised, two different case scenarios, with 
increasing terrain complexity, are considered. The wind flow over the well-known 
Askervein hill, situated on the west coast of an island of Scotland, is computed. Then the 
simulation of flow patterns over the Bolund hill, which is a high coastal hill located in 
Denmark, is performed. It is worthwhile mentioning that the same domain size and same 
boundary conditions are employed in each software for a proper comparative analysis. 
The Boundary conditions for both Askervein and Bolund hill are discussed as follows: 

 The inlet boundary conditions were same in both CFD codes i.e. the Dirichlet 
conditions for velocity u, k and ε using the Richards and Hoxey (1993) expressions; 
fully homogeneous fully developed 2D profiles. 

 The flow is considered fully developed at the outlet boundary.  

 The boundary close to the ground was modelled by a rough surface, using the wall 
laws of Launder and Sharma (1974). The wall functions were used for both k  and   
in OpenFOAM and WindSim. The Linear extrapolation from inner nodes activated 
the pressure at the boundaries. The velocity was kept tangential at the top and lateral 
boundaries, while the velocity outflow was realised by the linear extrapolation from 
the inner nodes. 

 The pressure at the boundaries was obtained by linear extrapolation from the inner 
nodes. The inflow conditions were determined by the simulation of a turbulent 
boundary layer over flat terrain. The velocity was tangential at the top and lateral 
boundaries. The velocity outflow condition was obtained by linear extrapolation 
from the inner nodes, constrained by global mass conservation. The flow was fully 
developed and zero gradient outflow conditions was kept in both cases. 

 The standard wall functions for rough wall was used in both CFD software, i.e. the 
equilibrium log-law wall functions following the work of Peralta et al. (2014) and 

Leroy (1999): *= ln
s s

u Ez
u

k c k





 
 
 

, where u* is the friction velocity, κ is the von 

Karman constant, E is an integration constant (E = 9.8), and z+ is the non-

dimensional distance from the wall, stated as *=
zu

z


 , where ν is the kinematics 

viscosity.  
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4.1 Solver specifications 

The Finite Volume method (FVM) was used to discretise the partial differential 
equations in both OpenFOAM and WindSim. In the FVM method, the domain used is 
divided into a grid of finite control volumes whose centroids represent discrete points. 
The integral form of the governing equations over each control volume is then 
discretised, with mass and momentum conserved. 

For the case of OpenFOAM, SimpleFoam solver which is a steady-state solver for 
incompressible turbulent flows was used. The General Collocated Velocity (GVC) solver 
was employed in WindSim. In this article, the standard k-ε turbulent scheme was 
employed with SIMPLE algorithm of Patankar and Spalding (1972) for the pressure-
momentum coupling in both CFD software. 

5 Askervein hill 

Askervein hill is a 116 m high hill situated on the West Coast of the island of South Uist, 
in the Outer Hebrides of Scotland. This hilly terrain was initially used in a measuring 
campaign project in 1982 and 1983 by Taylor and Teunissen (1987). Their aim was to 
study the boundary layer flow over the hill by placing more than 50 meteorological masts 
for wind measurements. Hence, a complete set of experimental data are available as 
benchmark to validate CFD codes. The measurement devices were situated along lines A 
and AA (see Figure 1b). Measurements of turbulence, mean wind speed and direction 
were taken at a height of 10 m along those lines at specific coordinates. In this study, the 
speedup and Turbulent Kinetic Energy (TKE) results from the masts along the line AA 
(Figure 1a) in the experiment has been considered. The same line AA was used for the 
simulated Askervein hill in both CFD software OpenFOAM and WindSim. The 
specifications used were same for the CFD model in both software. 

The measurements used to validate and compare WindSim and OpenFOAM’s results 
were averaged over a three hourly period under strong wind and in near-neutral 
stratification conditions. The mean wind speed was 8.9 m/s at the reference site (RS) on 
the hill and the mean flow direction was 210°. 

5.1 Quantitative analysis 

Numerical comparisons are based on the statistical analysis of measured and simulated 
results. There exists several quality metrics which can be used for this purpose: they are 
the hit rate, the normalised mean square error, fractional bias and correlation coefficient 
(Toja-Silva et al., 2015). For this article, the hit rate quality assessment model is used. 
The relative and absolute maximum admissible deviation from the experimental data are 
RD and AD respectively. According to some model validation studies performed by 
Eichhorn (2004), Santiago et al. (2007), Goricsan et al. (2011) among others, RD is 
generally set to 0.25 and AD is 0.05 for the normalised velocities. The Hit Rate (HR) is 
given by: 

=1

1
HR = ,

n

i
i

N
n
  (11) 
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where n is the total number of points compared and Ni is calculated as: 

' '1 if < or <
=

0 otherwise

i i
i i

i i

S M
RD S M AD

N M








 (12) 

In equation (12), Si is the simulated value and Mi is the measured one. The models are 
validated on obtaining a hit rate of above 66% (Santiago et al., 2007). 

Figure 1 The Askervein hill 

 

(a) The Askervein hill (Scotland) 

 

(b) The topography of Askervein hill showing line AA 
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5.2 Wind flow on the Askervein hill 

The maps were rotated to accommodate the Line AA incoming wind flow, whereby the 
masts were positioned, with one computational direction. In this study only one direction 
was considered. A domain of 1800  3580 m2, centred on hilltop was created in both 
CFD software. The model height was taken to be 116 m. The domain dimensions were 
determined after a battery of tests which did not show any effect of the lateral, outlet and 
top boundary conditions in the region of study. The speed measurements were fitted to 
the Richards and Hoxey (1993) inlet profiling from equation (8) and a fixed roughness 
length of 0.03 m was imposed. 

5.3 Mesh sensitivity test for Askervein hill 

In numerical modelling, mesh sensitivity tests must be performed in order to find how 
sensitive are the results to the mesh size. The independence of the grid is achieved when 
more nodes are added to the domain and no major improvement in the accuracy of the 
results are seen. This is reached by working out multiple grid tests. The accuracy of a 
grid is dependent on both their location and the number of nodes. For example, the 
specific areas where the flow is rather complex, the number of nodes per unit area should 
be large as compared to regions where flow changes are minimal. The velocity profile 
usually has rapid changes at the base of the domain including huge near wall turbulence 
effects, hence at those places a in graded mesh in the vertical direction should be used, 
while longer in the wind flow direction. 

To evaluate the grid dependence of the solution, results are compared to multiple 
coarser grids. The horizontal resolution is varied keeping the same number of vertical 
cells. This is due to the recommendations stated by Blocken et al. (2007) for first cell 
location based on the fact that sk  is approximately equal to 20 0z , where is the sand grain 

roughness height. 
In this particular case, three grids of different density have been used. Due to 

computational limitations, the nodes of the finest grid used is 2 million cells, followed by 
a mid density grid of 1.8 million and finally a coarse grid of 1.5 million cells. All 
simulations were set up in a similar manner with the same meshing tool and the same 
turbulence model while measurements are taken from LINE B 270°. The results for 
speed-up and turbulence for both CFD software are presented in Figures 2 and 3, which 
shows three different meshes. 

The non-dimensional speed-up used throughout this study was calculated from:  

ref

ref

( ) ( )
Speedup =

( )
hv z v z

v z


 

where ( )hv z  is the modulus of the horizontal velocity at a height of 10 meters above the 

local terrain and ref ( )v z  is the quantity at reference point i.e. hilltop. Additionally, the 

normalised turbulent kinetic energy (TKE) was calculated from 
ref

TKE

( )v z
. 
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Figure 2 Grid dependency tests in WindSim along the line AA on the Askervein hill 

 

(a) Speed up versus position along line AA 

 

(b) Normalised turbulent kinetic energy versus position along line AA 

As a quantitative comparison, the hit rate for speedup and turbulent kinetic energy 
measurements was used as a monitoring parameter for the choice of the grid using 
WindSim and OpenFOAM. The results of the comparison summarised in Table 2 show a 
slight variation of hit rated between the medium and coarse mesh, though for WindSim, 
the model is validated at a hit rate of 88% with the fine mesh. Therefore, the fine size 
grid was chosen for this scenario. For OpenFOAM, the model is not validated at all. The 
hit rates for the TKE are very low for the Fine mesh due to the poor performance case of 
the standard k-ε in case of strong separation. It is observed that both software show better 
hit rates on finer mesh. 
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Table 2 Hit rates values for the different mesh in both software for the Askervein hill 

Mesh 
WindSim OpenFOAM 

Speedup (%) TKE (%) Speedup (%) TKE (%) 

Coarse (1.5M) 44.44 0 11.11 0 

Medium (1.8M) 55.55 0 33.33 0 

Fine (2M) 88.88 11.11 44.44 11.11 

Figure 3 displays the measured and computed speedup and turbulent kinetic energy for 
all the meshes. On observing both results of speed up from both software, the results are 
similar which state that the sensitivity is low as simulation is approaching grid 
independence. It can be seen that for both software, all the points do not have great hit 
rates with respect to the experimental ones. This is due to the fact that computational 
power was limited in this case. At the lee side of the hill, it can be seen that the two 
curves are substantially different. This result is in accordance with what is discussed by 
Palma et al. (2002) where it is stated that grid sensitivity influences the results at the lee 
of the hill. Furthermore, no reversed flow is captured by the coarse grid. It should be 
noted that no convergence problem was encountered in both CFD software for all the 
mesh types. A convergence criterion of 10–5 was successfully reached for the residuals. 
The normalised TKE shows a similar behaviour for all the simulations in both CFD 
software, i.e. an over estimation in both CFD software on the downside part of the hill, as 
from –200 m to the hill top. 

Figure 3 Grid dependency tests in OpenFOAM along the line AA on the Askervein hill 

 
(a) Speed up versus position along line AA 
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Figure 3 Grid dependency tests in OpenFOAM along the line AA on the Askervein hill 
(continued.) 

 
(b) Normalised turbulent kinetic energy versus position along line AA 

5.4 Simulation results 

5.4.1 Quantitative results 

Table 3 displays the comparison of the experimental data obtained for the speedup, 
shown in Section 5.3, with the simulation results for both WindSim and OpenFOAM. 
Overall WindSim model was validated with a hit rate of above 66% whereas 
OpenFOAM shows a hit rate of 44%. 

Table 3 Comparison of the experimental data for the speedup with the simulation results 
obtained using WindSim and OpenFOAM 

Height (m) Experimental results 
(Speedup) 

WindSim OpenFOAM 

Speedup Error (%) Speedup Error (%) 

–843 –0.09 –0.094 4.4 –0.2 122 

–494 –0.22 –0.21 4.5 –0.28 27.3 

–330 –0.16 –0.09 44 –0.2 25 

–188 0.22 0.25 14 0.1 54.4 

–99 0.53 0.55 3.8 0.5 5.7 

0 0.88 0.77 12.5 0.54 38.6 

99 0.4 0.44 10 0.1 25 

198 –0.34 –0.36 2.8 –0.5 47 

390 –0.65 –0.66 4.5 –0.66 1.5 

HR 88.88  44.44 
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Figure 4 Meshed scenes of Askervein hill in both CFD software 

 

(a) OpenFOAM 

 

(b) WindSim 

Figure 5 Simulated Results for Askervein hill in both CFD software 

 

(a) Resultant speed in OpenFOAM 

 

(b) Resultant speed in WindSim 
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Figure 6 Comparative graph of Speedup and TKE for OpenFOAM, WindSim and experiment 
for the Askervein hill along the Line AA 

 

(a) Comparison of Speedup versus distance 

 

(b) Comparison of TKE versus distance 

5.4.2 Qualitative results 

Slices of the mesh and mean velocity from both CFD software are displayed in Figures 4 
and 5. A graph of Distance (m) along line AA against Speedup is displayed in Figure 6 to 
compare between simulated and experimental data. It can be observed that the speedup 
from both CFD software generally agree with the experimental results up to the hill top. 
The only difference is that OpenFOAM slightly under predicts the speedup at this 
particular location. One of the possible explanations of this discrepancy may be attributed 
to the wall function inconsistency in OpenFOAM. On the lee side of the hill, where non-
linear effects are known to occur, there is a recirculation zone with low speed-up and 
high turbulence intensity. As discussed by Beljaars et al. (1987), due to the linear 
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treatment of the advective terms, the Mixed Spectral Finite Difference Method (MSFD) 
cannot follow the steep decline of the speed-up on the hill’s lee side. The lee side hill can 
be fully explained in cases of time dependent formulation and third order spatial 
discrimination scheme for the advection term of the momentum equation (Gresho and 
Lee, 1981; Kim and Patel, 2000; Castro and Palma, 2002). The OpenFOAM software 
under estimated the results starting from the upwind till the hill top. Around 250 m, away 
from hill top, the simulation results coincide with the experimental data. 

6 Bolund hill 

As the simulations results of the Askervein hill have not been able to concretely 
differentiate between the software, a terrain with more complex orography is considered, 
the Bolund hill (Figure 7). The Bolund hill which has three months of measured data 
between 2007 and 2008 available, has been studied a lot in the past by CFD modellers. 
The hill is surrounded by sea except its east side which is connected to the land by a 
narrow sandy path. Though small in structure, the Bolund hill has a very challenging 
topography. The geometrical shape of the latter consists of a well-exposed almost vertical 
upstream escarpment, a sharp change in surface roughness with the wind passing from 
water to grass and a highly complex three dimensional geometry (Bechmann et al., 
2011). There are a number of diverse features of the Bolund location that make it a well 
defined validation case for the CFD validation (Bechmann et al., 2011). The hill 
experiences the equilibrium inflow from the westerly winds due to the large water-fetch, 
hence easier to adjust the upstream boundary condition in our CFD. As discussed by 
Berg et al. (2002), the fact that the hill height is much lower as compared to the boundary 
layer, the effect of atmospheric stratification can be neglected and the flow can be 
modeled to be neutrally stratified. Moreover the ground surface is covered by grass 
which implies that the flow is void of individual roughness elements, hence the 
application of boundary conditions is much easier. The hill is characterised by a uniform 
roughness of 0.015 m and surrounded by water with a roughness of 0.03 m. To compare 
simulated results of WindSim and OpenFOAM software, the line B in Figure 7(b) is used 
from the experimental campaign. 

6.1 Simulation on the Bolund hill 

The data of the Bolund topography have been provided with a resolution of 1 m. The 
computational domain for both CFD software was 60  100 m2. The standard k-ε 
turbulent scheme was employed with the SIMPLE algorithm. The incoming flow from 
the 270° (Line B) is studied in this case and a comparison of mesh sensitivity and 
comparison will be performed in the following section for both CFD software. 

6.2 Mesh sensitivity for Bolund hill 

The grid generation is more challenging in this case as compared to that of Askervein due 
to the smaller size of the hill which further requires a lower grid size than that of the 
Askervein. Employing smaller grid spacings lead to large amount of grid cells which  
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results in high computational power. The amount of cell used was 3 million, 2.8 million 
and 2.5 million. As with the Askervein hill the same condition was applied in both CFD 
software. 

Figure 7 The Bolund hill (Bechmann et al., 2011) 

 

(a) The Bolund hill 

 

(b) The topography of Bolund hill displaying the line B’s position 

The non-dimensional speedup used in this study was calculated from: = o

o

U U
Speedup

U


, 

where U is the horizontal velocity at a height of 2 m above the local terrain along line 
270° and U0 is the quantity at reference point. Additionally, the normalised turbulent 

kinetic energy (TKE) was calculated from ref
2
o

TKE TKE

U


 where refTKE  is the reference 

TKE at the reference mast point (Peralta et al., 2014). 
Table 4 summaries the hit rates for the speedup and turbulent kinetic energy for both 

OpenFOAM and WindSim with different mesh sizes. For WindSim only the fine mesh 
model was validated with a hit rate of 66.67% which is acceptable. 

 



   

 

   

   
 

   

   

 

   

    Numerical analysis of wind flow over complex hilly terrains 197    
 

    
 
 

   

   
 

   

   

 

   

       
 

Table 4 Hit rates (HR) values for the different mesh in both software for the Bolund hill 

Mesh 
WindSim OpenFOAM 

Speedup (%) TKE (%) Speedup (%) TKE (%) 

Coarse (2.5M) 16.67 33.33 16.67 16.67 

Medium (2.8M) 33.33 50 16.67 16.67 

Fine (3M) 66.67 50 16.67 16.67 

Figure 8 Grid dependency tests along line B on Bolund hill in WindSim 

 
(a) Speed up versus position along line B 

 
(b) Normalised turbulent kinetic energy versus position along line B 

Figures 8 and 9 display graphically the grid dependency tests. It is observed that the 
largest impact in speedup is caused by decreased grid resolution. When the resolution is 
increased, the speed-up at the hilltop is slightly increased, and the speed-ups behind the 
hill are higher. Good resolution causes the speed-up on this low hill to be captured. For  
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both CFD software, on using coarser grids the speed up is increased in the middle though 
they observed the same trend. As expected, the results are getting better as the number of 
nodes is increasing. The TKE in both software follow the trend of the experimental one, 
though the hit rates with WindSim software are higher. 

Figure 9 Grid dependency tests along line B on Bolund hill in OpenFOAM 

 
(a) WindSim 

 
(b) OpenFOAM 

6.3 Comparison of simulation results with OpenFOAM and  
WindSim for the Bolund hill 

6.3.1 Quantitative results 

The Hit Rate (HR) quantitative metric was calculated for Figure 9, from equations (11) 
and (12). WindSim has been validated with a 66.67% while the OpenFOAM model was 
not validated in this case. 
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6.3.2 Qualitative results 

Figure 10 displays the meshed scenes for both software and Figure 11 shows the mean 
velocity in both software. Visually it is noted that the local flow field has a big impact by 
the hill’s escarpment area which further enhanced the turbulent fluctuations. Graphically 
it is observed that both WindSim and OpenFOAM simulations coincide with the 
experimental set (Figure 12) from the upwind till the beginning of the hill. WindSim’s 
simulation gives a good overall agreement with the experimental data set. The excellent 
results as from the start of the hill till the hill top and at a distance of 100 m should be 
noted. OpenFOAM underestimates the results overall. The TKE results was difficult to 
capture with both WindSim and OpenFOAM software especially at the upstream part of 
the cliff. This could be attributed to the fact that at the upstream cliff of the hill the 
velocity gradients are higher. This can be resolved with a better mesh refinement of  
this zone. 

Figure 10 Meshed scenes of Bolund hill in both CFD software 

 

(a) OpenFOAM 

 

(b) WindSim 
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Figure 11 Simulated results for Bolund hill in both CFD software 

 

(a) Resultant speed in OpenFOAM 

 

(b) Resultant speed in WindSim 

Figure 12 Comparative graph of Speedup and TKE for OpenFOAM, WindSim and measured data 
for the Bolund hill along the Line B 

 

(a) Comparison of Speedup versus distance 
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Figure 12 Comparative graph of Speedup and TKE for OpenFOAM, WindSim and measured data 
for the Bolund hill along the Line B (cont.) 

 

(b) Comparison of TKE versus distance 

7 Conclusion 

This paper was motivated by the need for a CFD software which can solve the complete 
non- linear Navier-Stokes equation for the analysis of wind flow pattern over complex 
terrains. Two different CFD software were tested on terrain of increasing complexity. 
Starting with the Askervein hill and eventually to the more complex Bolund hill. For both 
hills, extensive on-site measured wind data available for testing performances of CFD 
software used in wind industry. Grid dependency tests were performed for each case and 
for each software. The Askervein hill results were qualitatively accurate with the 
experimental data in both software for both the speedup and turbulent kinetic energy, 
though only the speedup results in WindSim was validated by the HR quantitative metric. 
In the Bolund case, WindSim was validated with a hit rate of 66.67%, while OpenFOAM 
was not validated. The HR was poor for all cases of the TKE in all software. Overall, this 
work demonstrated that WindSim is better than OpenFOAM for simulation of wind flow 
patterns over complex hilly terrains.  
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Abstract: Biofuel from algae, being a third generation biofuel is considered as 
one of the options since it satisfies the criteria of sustainability by far as 
compared to second and first generation biofuel. Ulva recticulata and 
Sargassum cristaefolium are two common algae found along the coast of 
Mauritius and common in the Indian Ocean too. Concentrated acid hydrolysis 
has been found to be more effective than dilute acid hydrolysis in terms of 
reducing sugar yield in this study. Maximum concentration of reducing sugar 
obtained for U. recticulata and S. cristaefolium was 1982 and 1976 mg/100 ml 
of hydrolysate, respectively when a biomass loading of 20% (w/w) was used. 
Ethanol yield of 1.6% (v/v) of ethanol was obtained from U. recticulata and 
1.4% (v/v) from S. cristaefolium. Detoxification of hydrolysate with calcium 
hydroxide and activated carbon increases the yield by 23% for U. recticulata 
and by 16.7% for S. cristaefolium.  
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1 Introduction 

Though nowadays bio-ethanol can be derived from sucrose-based or starchy materials in 
some countries, yet, lignocellulosic and agricultural residues remain the cheapest 
material available in abundance globally (Buranov and Mazza, 2008) and can extensively 
enhance the global ethanol production (Furlan et al., 2012). Algae are abundant in 
Mauritius due to its tropical climate and its geographical position. The geographical 
position of Mauritius makes it important to assess the potential of this resource so as to 
satisfy the need for its growing as well as environment conscious population. An 
estimated amount of 60 tons are landfilled every day (Noormamode, 2010). This 
represents a waste in biomass as well as contributes to the solid waste disposal problem 
at Mare Chicose which is nearly at the point of saturation. Algae are regarded as 
important raw material of biomass (Kang et al., 2012). According to Daroch et al. (2012), 
it will become the most important biofuel source in the near future. 

With the concept of Maurice l’Ile Durable, the vision of the Mauritan government is 
to shift from fossil fuels to renewable as well as promoting the demand side management. 
The Prime Minister announced at Copenhagen in 2009 that Mauritius should be able to 
achieve by 2025 at least 60% of its energy mix from renewable sources of energy 
(Elahee, 2011). The government is also targeting the introduction of E10 to be used in all 
cars by 2025. Consequently, alternative feedstock to meet the E10 goal has to be looked 
into. For the purpose of this study, algae were investigated as a potential feedstock. 

There are various methods in converting lignocellulosic materials to bioethanol. 
Currently, there are two main processes which are used for converting cellulose to 
ethanol, namely, biochemical and thermochemical. For this study, the biochemical 
pathway will be used which consists the following stages; pretreatment, hydrolysis, 
fermentation and distillation. 

The aim of this study consists of assessing the bio-ethanol production potential from 
algae by determination of the optimum conditions for pre-treatment, hydrolysis and 
fermentation process. 

2 Materials and methods 

2.1 Algae sampling 

Brown and green algae were collected at Bras d’Eau public beach which is found on the 
east coast of Mauritius which is situated at a latitude of 20°17' S and a longitude  
of 57°33' E. The samples were collected during low tide and just after sunrise during the 
month of November which is the summer period in Mauritius. They were collected  
on 13th and 14th November 2014. The Ulva recticulatta and Sargassum cristaefollium 
were not collected at the same site of the beach (Figure 1). This is due to the inherent 
dynamic property of the algae which causes such separation in the lagoon. During 
collection, the temperature of water was around 23°C. The samples were placed in 
respective hermetic bags and transported to the University of Mauritius within 2 hours. 
These were then washed to reduce the salt content to less than 10% w/v for ease of 
fermentation. 
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Figure 1 Collection of algae at Bras D’Eau public beach in Mauritius (see online version  
for colours) 

 

2.2 Characterisation 

Ulva recticulatta and Sargassum cristaefolium were characterised terms of the heating 
value, fibre content (cellulose, hemicellulose and lignin content), bulk density, moisture 
content, volatile solids and salinity content. 

2.2.1 Determination of heating value 

Calorific values were measured in triplicate using the Parr 1341 bomb calorimeter in the 
thermodynamics laboratory of the department of chemical engineering. An oven dried 
sample around 0.8 g to 1.2 g. The sample was oxidised by combustion in an adiabatic 
bomb containing oxygen under pressure. 

2.2.2 Determination of fibre content 

Fibre Analyses of algae includes the measurement of hemicellulose, cellulose and lignin 
in a sample. The method used was based on the detergent solution method. Two solutions 
were prepared for this experiment: Acid Detergent Solution (ADS) and Neutral Detergent 
Solution (NDS). NDS is used to obtain the value of Neutral Detergent Fibre (NDF) 
which is the mass of residue left after boiling with NDS in the FiberTech Hot Extraction 
Unit. This process removes the non-fibre content of the material. 

The NDF was calculated as follows: 

2 3

1

1000
g W W

NDF
kgDM W

  
  

 
  

where 

W1 = Weight of Sample 

W2 = Weight of Crucible + Residue 

W3 = Weight of Crucible + Ash. 
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The acid detergent fibre is defined as the residue after treatment with an acid detergent 
solution. The insoluble matter is separated by filtration and the residue is referred to as 
ADF and it consists of cellulose and lignin, contaminated with cutin and minerals. 

The ADF was calculated as follows: 

2 3

1

1000
g W W

ADF
kgDM W

  
  

 
 

where:  

W1 = Weight of Sample 

W2 = Weight of Crucible  

W3 = Weight of Crucible + Residue 

The hemicellulose content is then found from the following equation: 

g
Hemicellulose NDF ADF

kgDM

 
  

 
 

Acid Detergent Lignin (ADL) is defined as the residue after initial treatment by the ADF 
method followed by the removal of the cellulose fraction through extraction using 72% 
H2SO4. The process dissolves the cellulose and the value of ADL is determined after 
leaving the residue in a 500oC for 3 hours.  

2 3

1

1000
g W W

ADL
kgDM W

  
  

 
 

W1 = Weight of Sample (After ADF) 

W2 = Weight of Crucible + Residue 

W3 = Weight of Crucible + Ash. 

The cellulose content is then found from the following equation: 

g
Cellulose NDF ADF

kgDM

 
  

 
 

2.2.3 Determination of bulk density 

Bulk density is determined using a beam balance (± 0.1 g) and 2000 cm3 beaker. The 
beaker was weigh and filled with the algae to the top and lightly tapped to assume slight 
compaction. The volume of the beaker was determined by filling it with water and noting 
the total volume. The following equation was used to determine the bulk density. 

Massof algae
Bulk Density

Volumeof algaeused
  

2.2.4 Determination of moisture content 

The mass of moisture has been determined by difference between the mass of wet and 
dried fuel after heating at 60°C for a minimum of 24 hours until a constant mass has been 
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obtained. According to Ewanick and Bura (2011), increase in moisture content has a 
positive effect in ethanol yield due to more accessibility of acid to the biomass. 

Massof moisturein fuel
MoistureContent

Massof wet fuel
  

2.2.5 Determination of volatile solids 

An oven dried sample of 2.0 g was placed in a crucible and placed in an electric furnace 
at 900°C for 3 hours. Volatile matter content was determined in duplicate. The sample 
was removed and allowed to cool before weighing. The volatile matter of the biomass 
(%) was determined by equation below.  

. ( )
(%) 100

Initial wt of sample g Final massof sample
Volatilematter content

Initial massof sample


   

2.2.6 Determination of salinity content 

The salinity, in particular the chloride content of the wash water has been quantified 
gravimetrically by the Mohr’s method. The Mohr’s method determines the concentration 
of Chloride (Cl–) ions of the solution by titration against silver nitrate (AgNO3) until a 
precipitate of silver chloride is formed. Potassium chromate (VI) is used to determine the 
end point. The reaction is represented by the equation below:  

+
(aq) (aq) (s)Ag +Cl = AgCl  

The end point occurs after the complete precipitation of the chloride ions. Any additional 
silver ions react with chromate ions to form a reddish brown precipitate of silver 
chromate. 

+ 2
(aq) 4(aq) 2 4(s)2Ag +CrO = Ag CrO  

It should be noted that the Mohr’s method is sensitive to pH. The titration is accurate in 
the pH range of 6.5 and 10. The pH of the sample before titration was measured and 
found to be 8.12 which make the test viable. 

2.3 Pre-treatment  

The algae underwent physical pre-treatment by drying in an oven at a temperature of 
60°C for 24 hours to remove the moisture contained. Afterward, the dried biomass was 
powdered using the Frist pulverisette cutting mill (model 154300.00) and sieved to a 
maximum particle size of 1.5 mm. Thereafter it underwent the dilute acid chemical pre-
treatment to break the lignin structure. The hydrolysate was collected and analysed for 
reducing sugar using the Lane and Eynon method. 

2.4 Hydrolysis 

Concentrated acid hydrolysis method was used to hydrolyse the lignocellulosic biomass 
into fermentable sugar. The acid was bought from the company Ducray Lenoire. The 
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concentration of the acid was varied at 20%, 24%, 26%, 28% and 32% (w/w). The 
resulting hydrolysate was collected and analysed for reducing sugar using the Lane and 
Eynon method. 

2.5 Detoxification 

Calcium hydroxide was used for neutralisation and the solution was over-limed using 
excess of calcium hydroxide in a water bath. The mixture was allowed to settle and 
filtered to obtain a solution free of ionic inhibitors. Activated carbon of 10 grams was 
added to 150 ml of the filtrate and the mixture was swirled for 5 minutes. After 5 minutes 
of adsorbtion, the mixture was filtered through a Watman 91 filter paper and the clear 
solution was prepared for fermentation.  

2.6 Fermentation 

Fermentation is an important step in the bio-ethanol production process. It is the 
conversion of sugars into ethanol through the activity of micro-organisms in the presence 
of oxygen. It can be represented by the following equation: 

2

Yeast
O

Sugars Ethanol Carbondioxide   

Fermentation was carried out in a 500 ml anaerobic plastic bottle with a 250 ml working 
volume. The bottle was tightly closed with the cap connected to a flexible rubber tube 
ending in a 50 ml plastic bottle containing 25 ml of KOH. The fermentate consisted of 
0.2 g of urea and three drops of phosphoric acid as mentioned by the Noormamode 
(2010). All the chemicals used for the fermentation were bought from the company 
Ducray Lenoire. Superstart yeast (Lalemand Ethanol Technology) was used for the 
fermentation which was obtained from the Medine Distillery Company Limited. The 
whole assembly was placed in the incubator and the required fermentation temperature 
(Figure 2). 

Figure 2 (a) Fermentation bottle; (b) set of fermentation in incubator (see online version  
for colours) 
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2.6 Determination of alcohol content 

The fermentation broth was distilled in a rotary evaporator (rotavap) over a water bath at 
40°C and subjected to a vacuum of 0.9 bars. A Buchi made rotavap of model R-114 was 
used for distillation. The amount of alcohol present in the distillate from the rotavap was 
measured using the Dujardin Salleron ebulliometre of the model 160300. The sensitivity 
of the apparatus is ±0.1% (v/v) alcohol and can measure a concentration of up to 17% 
(v/v).  

3 Results and discussion 

3.1 Identification and characterisation of algae 

Algae collected at the shore were sealed in tubes and sent for identification at the zoology 
laboratory of the Faculty of Agriculture and Marine Science department of the faculty of 
science. The algae have been identified as follows (Figure 3, Table 1). 

Figure 3 (a) Ulva recticulatta and (b) Sargassum cristaefollium (see online version for colours) 

       
                                                           (a)                             (b) 

Table 1 Characterisation of algae 

Characteristics Unit 
Value 

Ulva recticulatta Sargassum cristaefolium 

Bulk density kg/m3
 102.9 124.7 

Moisture content  % 85.47 83.47 

Ash content % 31.63 33.35 

Volatile matter content % 71.01 74.171 

Salinity of water mg/l (ppm) 3280.2 

Cellulose content % 34.7 28.1 

Hemicellulose content % 31.9 39.8 

Lignin content  % 33.4 32.1 

Gross calorific value KJ/g 9.15 10.16 
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The humidity content of both algae was high. U. recticulata has a higher humidity than S. 
cristaefolium. This is due to the anatomy of the algae. The former has a more entangled 
and netlike structure compared to the latter which is branched. As a result, U. recticulata 
hold more water in the space in between which does not drain when removed from water.  

The bulk density of S. cristaefolium is higher than U. recticulata which is also due to 
the structure mentioned above.  

Volatile matter content is important to determine since it holds its importance in the 
thermochemical conversion of biomass. S. cristaefolium has a higher volatile matter 
content than U. recticulata due to the more robust structure. Moreover, the ash content 
also shows same correlation. Ash content of algae consists of alkali metals and also has 
technological importance at high temperatures (Ruofei et al., 2010). Furthermore, ash 
content is an important parameter to consider during determination of the amount of 
cellulose, hemicelluloses and lignin in a biomass sample. 

The cellulose content of U. recticulata is higher than S. cristaefolium but the latter 
has a higher hemicelluloses content than U. recticulata. S. cristaefolium is rigid and has a 
thicker ad more defined structure than U. recticulata. Hence, it contains a higher 
percentage of hemicelluloses which gives the respective anatomical characteristics. 

Figure 4 Variation in conductivity with number of washing (see online version for colours) 

 

3.2 Pretreatment of algae 

The number of washing follows the same trend for both Ulva recticulatta and Sargassum 
cristaefolium (Figure 4). The number of washing was important so as to reduce the 
salinity below 500 μs. The fact that the number of washing is same means that in 
industrial scale, the two algae can be cultivated and processed in the same process chain. 
It is important to know the amount of water required to decrease the salinity. The 
optimum amount of water used would hence impact on the water footprint of biomass 
transformation. Taking into consideration the non-significance characteristic of the two 
sets of values, the number of washing could be fixed at three. In this case, 200 ml of 
water has been used to wash 50 g of algae. Thus, 600 ml of water at 275 μs can be used 
to bring the salinity to the desired level. The conductivity value of the wash water 
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remains stable on increasing the number of washing. The p-value (0.03) from second 
washing to thrid washing was significant (p-value <0.05). Moreover, the decrease in 
conductivity from thrid wash to fourth wash was also significant (p-value 0.003).  

3.3 Concentrated acid hydrolysis 

3.3.1 Acid concentration 

Acid hydrolysis is considered to be more preferable as it provides higher efficiency in 
conversion (Harun et al., 2011). According to Menon and Rao (2012), sulphuric acid is 
most commonly used for treatment of biomass and has been used in commercial stage of 
dilute acid hydrolysis (Figure 5). The advantages of acid hydrolysis are that the rate of 
reaction is much faster than other treatments and acid can penetrate lignin without pre-
treatment. However, reducing sugars degrade at a much faster rate in acidic conditions. 
Reducing sugars are monosaccharides that can be easily converted to bioethanol. For 
production of bioethanol, reducing sugars must be present in the solution which are 
ultimately converted to bioethanol. Feedstock producing higher reducing sugar will 
normally result in a higher bio-ethanol yield. It is very important to find the optimal  
pre-treatment conditions so as to reduce the formation of inhibitory products that tend to 
reduce the efficiency of the fermentation step. A maximum reducing sugar yield was 
obtained at an acid concentration of 28% (w/w) for both U. recticulatta and S. 
cristaefolium. From the characterisation results, it was found that S. cristaefolium 
contained more cellulose than U. recticulatta. However, the plot reveals a higher yield of 
reducing sugar. This is due to the higher hemicelluloses content in S. cristaefolium. At 
lower acid concentrations of 20%–26% (w/w), U. recticulata is seen to have higher yield 
of reducing sugar than S. cristaefolium. However, at 32% (w/w) acid concentration, the 
situation inverses. This can be explained by the fact that with higher concentrations of 
protons, more inhibitors were formed such that the fraction of reducing sugar decreases 
at the expense of inhibitors. It has been reported that acid hydrolysis serves to break the 
crystalline structure of the cellulose and dissolves the cellulose (Chen et al., 2013). The 
conversion of celluloses to hexoses and hemicelluloses to pentoses is accomplished by 
the process of acid hydrolysis; but the process yields other undesirable by-products such 
as furfural and acetic acid. According to Taherzadeh et al., (1997) and Boopathy (2009), 
higher concentrations of sulphuric acid on ligno-cellulosic biomass produces sugar 
degradation by-products such as furfural and 5-hydroxymethylfurfural (HMF). In line 
with Hamelinck et al., (2005), higher acid concentration also promotes production of 
inhibitors. The acid behaves as a catalyst for toxic compound formation at any 
temperature above 50°C and is believed that there is splitting of the glycosidic bonds 
catalysed by the presence of proton (H+ ion). Kumar et al. (2009) also added that the 
inhibitory compounds tend to cause a reduction in reducing sugar formed. Hence, based 
on these statements it can be deduced that concentrations higher than 28% triggered the 
formation of these inhibitors at the expense of the reducing sugar present in the solution; 
thus causing a decrease in the concentration of Reducing Sugar (RS) with increase in 
acid concentration. The increase in reducing sugar concentration when the acid 
concentration was increased from 26% to 28% was significant for both U. recticulata and 
S. cristaefolium. The p-value was 0.0009 and 0.0010, respectively. 
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Figure 5 Variation of reducing sugar concentration with acid concentration (see online version 
for colours) 

 

Figure 6 Variation of reducing sugar concentrations with hydrolysis time (see online version  
for colours) 

 

3.3.2 Variation of hydrolysis time 

Grohmann (1985) reported that 100% yield through decrystalisation and hydrolysis of 
cellulose can be obtained with 60 wt% sulphuric acid at about 100ºF for 2–6 hours in a 
hemicellulose hydrolysis reactor. As regards the concentrated acid hydrolysis study 
performed on corn stover at the Tennessee Valley Authority (TVA), sulphuric acid of 
concentration of 70% produced 227 L of ethanol per ton of dry corn stover when left  
for 1–4 hours (Varga et al., 2004). Consequently, the optimum reaction time using 
concentrated sulphuric acid was determined by varying the reaction time from 1 to 4 hrs. 
U. Recticulatta gave higher yield of reducing sugar than S. Cristaefolium at 60 minutes. 
This is due to the ease of hydrolysis of cellulose and lower hemicelluloses content.  
With increasing hydrolysis time, the reducing sugar concentration increases till 150 min 
for S. cristaefolium and 140 minutes for U. recticulatta. Increasing the hydrolysis time 
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means more contact between the proton and the cellulose. Hence, more cellulose chains 
are inverted into reducing sugars. For hydrolysis periods more than 60 minutes, the 
reducing sugar yield of S. cristaefolium is more than U. recticulatta. This is supported by 
the fact that the hemicelluloses are degraded after 60 minutes and thus rendering proton 
attacks more efficiently. However, beyond the optimum hydrolysis period, the reducing 
sugars starts to degrade (Figure 6). 

3.3.3 Variation of biomass loading  

Biomass loading is the percentage by weight of the feedstock under study in the solution. 
The optimum biomass loading was found to stabilise around 20% for both types of algae. 
The increase in biomass loading from 10% to 15% was not significant since the p-value 
for S. cristaefolium and U. recticulata was 0.13 and 0.11, respectively, which are greater 
than 0.05 (Figure 7). Hence, industrially a biomass loading of 15% would not bring an 
appreciable return. Moreover, the increase from 15% to 20% is also significant since the 
p-value is 0.003 for S. cristaefolium and 0.007 for U. recticulata, both being less than 
0.05. However, the significance is much more for S. cristaefolium with an increase from 
15% to 20%  as the p-value of S. cristaefolium is less than that of U. recticulata. 

Figure 7 Variation of reducing sugar concentration with biomass loading (see online version 
for colours) 

 

3.4 Fermentation 

3.4.1 Variation of yeast loading 

Yeast loading is the percentage by weight of yeast added to the hydrolysate solution. The 
weighed yeast is first dissolved in a small amount of the fermentate in a small bottle and 
placed in a shaker for one hour. Thereafter, it is placed in a known volume of hydrolysate 
for the fermentation process. It is important to determine the optimum concentration of 
yeast used to produce bio-ethanol since the Superstart yeast is quite expensive. The 
Superstart yeast is an active dry yeast for use in fuel ethanol fermentations which 
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contains a selected strain of Saccharomyces cerevisiae distiller’s yeast in a highly 
concentrated and stable form. It offers a rapid fermentation start and strong stress 
tolerance which prevent bacterial contamination and improves fuel ethanol yields. It also 
has a high tolerance to temperature, pH and osmotic stress which is long-lived and 
resilient in continuous fermentation conditions that produces low levels of fermentation 
by-products as compared to distiller’s yeast. It was found that 2% (w/v) yeast loadings 
produced a much higher yield of ethanol (1.4% v/v ethanol) as compared to 0.5% (w/v) 
yeast loading (0.15% v/v ethanol). The increase from 2% (w/v) to 4% (w/v) was 
insignificant since the p-value was 0.20 for U. recticulatta and 0.19 for S. cristaefolium, 
both being greater than alpha value of 0.05. The production increased by 175% for U. 
recticulatta and by 150% for S. cristaefolium when yeast loading was increased from 1% 
to 2%. However, doubling the yeast loading further (from 2% to 4%) produced only 
around 4% more ethanol for both algae which was insignificant as per the p-value 
obtained. The ethanol production did not change much on further increase of yeast 
loading as shown by the plateau of the plot. It has been reported that yeast can divide in 
90 to 120 minutes under normal conditions. Ethanol production is growth related. 
However, as concentration of ethanol reaches a certain threshold of concentration  
(5%–6% v/v), yeast metabolism is inhibited so that its growth rate decreases 
consequently. Stabilisation of the ethanol production at the maximum value of 1.2% v/v 
has thus not been caused by ethanol inhibition. Some other factors thus inhibited the 
yield. Unless the inhibition ethanol concentration threshold has been reached, the amount 
of reducing sugar is the prime driving potential of ethanol formation. Thus increasing the 
amount of yeast will increase the rate of ethanol production but is independent of the 
final amount of ethanol produced. Therefore, the plateau of the plot supports this 
hypothesis (Figure 8).  

Figure 8 Variation of ethanol yield with yeast loading (see online version for colours) 

 

3.4.2 Variation of temperature 

Temperature affects the rate of fermentation and metabolism of yeast. As per the product 
information sheet of superstart yeast, it works best in the range of 30°C to 40°C + 2°C, 
thus a temperature of 35°C was found to be the optimum operation temperature for 
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ethanol production. The maximum yield reached was 1.35% v/v ethanol. A temperature 
increase from 30°C to 32°C was significant for both U. recticulatta and S. cristaefolium. 
The p-value being 0.001 for both indicates the significance (p-value <0.05).  

At 25°C, ethanol yield was lowest (0.6% v/v). According to Arrhenius theorem, an 
increase of 10°C doubles the rate of reaction. This theory is satisfied partially since an 
increase in temperature from 25°C to 35°C produces twice the amount of ethanol 
produced during the same period of time. However, an increase from 30°C to 40°C 
produced less ethanol than during the increase from 25°C to 35°C. This is explained by 
the effect of temperature on enzymes. It is known that at temperatures beyond 40°C 
enzymes start to denature and their activity decreases. According to Doherty et al., 
(2011), beyond certain temperatures, enzyme starts to denature due to excessive heat 
exposure, thereby decreasing the rate of fermentation which explains the low yield of 
ethanol (Figure 9). 

Figure 9 Variation of ethanol concentration with temperature (see online version for colours) 

 

3.4.3 Variation of pH 

Inhibitory effect of pH has a key role in fermentation due to its control over hydrogen 
ions and acids in the mixture. According to El-Zawawy et al. (2011), the mechanism of 
inhibition is related to the molecular form of acids in the fermentation broth. Thus 
determination of an optimum pH was important. The optimum pH for fermentation of 
algal hydrolysate was found to be 4. However, the yield does not fall by more than 6.9% 
when pH increases from 4 to 6. Considerable decrease occurred when pH increased  
from 6 to 7 (13.7%). An increase in pH from 3 to 4 yielded a significant amount of 
ethanol for both U. recticulatta and S. cristaefolium. The p-value being 0.04 for both 
indicates the significance (p-value <0.05) increase in yield with increase in pH. At pH 3, 
the ethanol yield is lowest. This is explained by the higher cellular stress subjected to the 
yeast. As a result, hexoses are not being catalysed to ethanol completely and yeast cells 
die. As the pH approaches 7 (neutral) the ethanol yield remains constant. This is due to 
the decrease in cellular stress and ionic potential decreases. Nigam (2000) found that a 
pH of above 4.8 is generally more favourable due to the decreases in inhibitory effect of 
acetic acid. According to Liu et al., (2010), fermentation temperature also impacts on pH 
due to a change in fermentation mixture composition (Figure 10). 
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Figure 10 Variation ethanol concentration with pH (see online version for colours) 

 

3.4.4 Variation of fermentation time 

Fermentation time is important to determine as this has both economic and technological 
importance. Leaving fermentation broth too long in the fermentation vessel might allow 
degradation of ethanol by oxidation, thus forming aldehydes and carboxylic acids. On the 
other hand, a higher residence time implies higher operating costs. Generally, 
fermentation completes in 48–72 hours (Lee et al., 2009). The p-value for both  
U. recticulatta and S. cristaefolium was (0.025) which is less than 0.05, thus showing the 
significance increase in ethanol yield when fermentation period was increased from  
48 hours to 66 hours. The ethanol yield increased by 62.5% from 24 hours to 66 hours 
fermentation time. Beyond 66 hours, the ethanol yield remains constant. This can  
be explained by the time yeast takes to act on the reducing sugar. Between 24 hours and 
36 hours interval, the ethanol yield increases at a higher rate than between 48 hours and 
66 hours interval (decreasing curve, Figure 11).  

Figure 11 Variation of ethanol concentration with fermentation time (see online version  
for colours) 
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3.5 Effect of detoxification on ethanol yield 

Detoxification is the process of overliming the pretreated hydrolysate with calcium 
hydroxide before fermentation. Detoxification of hydrolysate can improve the ethanol 
yield during fermentation. Upon detoxification, the ethanol yield increases by 23.1% for 
U. recticulata and 16.7% for S. cristaefolium. This is explained by the fact that 
precipitation by calcium hydroxide and lime removes considerable amount of ions, thus 
reducing the conductivity of the solution. Moreover, action of activated carbon which 
removes fermentation inhibitors proved to be positive. It was also observed that the 
solution was clearer and less turbid after detoxification which shows that inhibitors 
contributed turbidity and colour. This is important during scale up since removal of 
inhibitors and coloured organic agents (HMFs) contributes to fouling. Larson et al., 
(1999) and Nigam (2000) have conducted studies on effects of overliming hydrolsates. 
Nigam (2000) reported that overliming with calcium hydroxide increases the yield of 
ethanol by nearly 2.4 folds. However, the process of detoxification also results in a 
reduction of glucose concentration. Nigam (2000) recorded a loss of 12% of glucose 
during detoxification. Likewise, Saritha et al. (2011) and Pourbafrani et al. (2014) have 
studied performance of adsorbents in the removal of fermentation inhibitors in 
hydrolysate. Saritha et al. (2011) found that activated carbon has a higher efficiency in 
terms of fraction of inhibitors removed. Hence, detoxification does not only increase the 
ethanol yield but also reduces the maintenance cost of plants (Figure 12).  

Figure 12 Effect of detoxification on ethanol yield (see online version for colours) 

 

3.5 Discussion 

Algae are regarded as important raw material of biomass (Kang et al., 2012). According 
to Harun et al. (2011), it will become the most important biofuel source in the near 
future. In this study, the potential of obtaining bio-ethanol from algae was investigated, 
given that Mauritius is surrounded with ocean which is full of the algae resources. The 
bioethanol produced could be used as E10 fuel blending in the near future which tallies 
well with the long-term vision of the Mauritian government. Acid hydrolysis was used to 
hydrolyse the lignocellulose content of the algae. The effectiveness of dilute acid 
hydrolysis and concentrated acid hydrolysis were also demonstrated. It was found that 
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dilute acid hydrolysis was less effective than concentrated acid hydrolysis for both U. 
recticulata and S. cristaefolium. Bai et al. (2008) cited a yield of over 90% for the 
conversion of both cellulose and hemicelluloses in contrast to dilute acid hydrolysis 
which has an efficiency of around 40% (Lee et al., 2009) supporting the results obtained. 
However, the main drawback is the high cost associated with the acid and neutralisation 
process. To overcome that, the process requires an acid recovery facility to mitigate the 
cost of neutralisation as large quantity of lime would be required. This is important so as 
to find a synergy between the algal bio-ethanol conversion and other relevant industries 
thus making the process more profitable. In this case, much progress should be centred in 
aquaculture, biotechnology, material science and process engineering to make third 
generation biofuel much more plausible and attractive.  

4 Conclusions 

The maximum concentration of reducing sugar obtained for U. recticulata and S. 
cristaefolium was 1982 and 1976 mg/100 ml of hydrolysate, respectively. Biomass 
loading of 20% (w/w) was found to yield considerable amount of reducing sugar. 
Hydrolysate from dilute acid treatment contained a high amount of colloids which 
rendered filtration difficult. Moreover, the reducing sugar yield was far less than that of 
concentrated acid hydrolysis. A hydrolysis time of 150 minutes was found to yield the 
maximum amount of reducing sugar. A maximum yield of 1.6% (v/v) of ethanol was 
obtained from U. recticulata and 1.4% (v/v) from S. cristaefolium. Both had an increase 
of 0.3% (v/v) and 0.2% (v/v), respectively, after detoxification of the hydrolysate. 
According to e2-energy (2009), algae cultivation can yield to 100 tons per acre per year 
which is equal to 14.53 tons dry matter U. recticulata and 16.53 tons dry matter S. 
cristaefolium. Hence, 351.5 L of ethanol can be obtained per acre per year from U. 
recticulata and 453.58 L of ethanol from S. cristaefolium per acre of sea per year. 

Hence, algae can be a competitive source of bio-ethanol in the future; however more 
efforts are placed to improve the conversion efficiency. Optimisation of the process to 
convert third generation biomass must be studied with more vigour. Moreover, ways to 
reuse and reconvert the by-products during hydrolysis and fermentation must be ongoing. 
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Abstract: Currently, hydrochlorofluorocarbons (HCFCs) and hydrofluoro-
carbons (HFCs) are the most commonly used refrigerants in the refrigeration 
and air condition sector in Mauritius. But due to ozone depletion and their high 
global warming potential, environmentally friendly refrigerants such as 
hydrocarbons are under consideration. However, hydrocarbon (HC) technology 
has only been commercialised in domestic refrigerators so far. In this study, 
two blends of hydrocarbons HC (95% propane, 5% ethane) and HC (50% 
propnane, 50% isobutane) are tested as an alternative replacement refrigerant in 
a bench-type window air conditioner operating on R22 and bench-type car air 
conditioning unit operating on R134a, respectively. The design approach 
characteristic of HCs, the retrofitting procedure and safety are discussed. The 
mass of HC refrigerant retrofitted was about 35% of the original R22 and 
R134a charge. Results of the tests indicated an improved COP of up to 12.9% 
when the units were converted from halogenated refrigerant to HC refrigerants. 
Discharge pressures were considerably lower implying lower energy 
consumptions. 
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Reference to this paper should be made as follows: Dreepaul, R.K. (2016)  
‘An assessment of hydrocarbons as an alternative refrigerant: the Mauritian 
context’, Int. J. Global Energy Issues, Vol. 39, Nos. 3/4, pp.222–240. 

Biographical notes: R.K. Dreepaul currently works as Lecturer at the 
Universite des Mascareignes in the Mechatronics Department, Faculty of 
Sustainable Development and Engineering. He holds a Bachelor and a MPhil 
degree in Mechanical Engineering from the University of Mauritius. He is also 
a holder of a BSc in Occupational Safety and Health from NEBOSH, UK. His 
field of study is mainly thermodynamics and occupational safety and health. 

 

1 Introduction 

Two important environmental concerns that have been closely related to the 
Refrigeration and Air Conditioning (RAC) sector are the ozone-depletion and the global 
warming phenomenon. Refrigerants such as CFCs and HCFCs have dominated the RAC 
market ever since their development in the 1930s. These refrigerants became popular 
because of their stability, excellent thermodynamic properties and non-flammability. 
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CFCs and HCFCs have been used in sectors such as domestic refrigeration, 
commercial refrigeration, industrial refrigeration, air conditioning, heat pumps and 
chillers. However, due to growing environmental concerns their use in various sectors 
has been closely monitored. The Montreal Protocol on Substances that Deplete the Ozone 
Layer was proposed to reduce the production and consumption of ozone-depleting 
substances in order to reduce their concentration in the atmosphere so as to protect the 
ozone layer. The original Montreal Protocol was agreed on 16 September 1987 and 
entered into force on 1 January 1989. 

With the signature of the Montreal Protocol, a program was implemented for  
phasing out the use of CFCs, HCFCs and other Ozone-Depleting Substances (ODS) by 
abiding countries (UNEP, 1987). Under this protocol, developing countries, like 
Mauritius, are categorised as article 5 countries with a per capita consumption of less 
than 0.3 kg of ozone-depleting substance. According to the protocol, all article 5 countries 
were required to stop the use of chlorofluorocarbons (CFCs) by the year 2010. 
Hydrochlorofluorocarbons (HCFCs) will have to be phased out by 2040 (Powell, 2002). 

In Mauritius, the use of CFCs has already been prohibited and HCFCs will be phased 
out by the year 2025, well ahead of schedule. The import of new equipment containing 
HCFCs has also been banned since 2013. Figure 1 shows the annual consumption of 
ozone-depleting refrigerants in the RAC sector in Mauritius from 2004 to 2013. 

Figure 1 Consumption of ozone-depleting refrigerants in the RAC sector for Mauritius  
(2004-2013) (C.S.O 2014) 

 

A new family of refrigerants, namely the HFCs have been developed since the mid 1990s 
to replace CFCs and HCFCs. HFCs do not contain chlorine atoms; they therefore do not 
attack the ozone layer. As a result they have gained popularity very rapidly in the RAC 
sector. However, despite having zero ODP, most HFCs have a high Global Warming 
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Potential (GWP). HFCs are therefore not good substitutes from an environmental point of 
view as their contribution towards global warming is significant (Ma and Wang, 2010; 
IPCC, 2012). 

2 Environmental impacts 

Halogenated refrigerants have a long history of emission from refrigeration, air 
conditioning and other uses (Mohanraj et al., 2009). Halogenated refrigerants are a 
family of compounds derived from ethane and methane by substituting the hydrogen 
atom with chlorine and fluorine. These include CFCs, HCFCs and HCFs. These gases 
have significant effect on global warming and ozone depletion. 

2.1 Ozone layer depletion 

Ozone is a naturally occurring gas found in the Earth’s atmosphere. It is an unstable  
gas with a sharp, irritating odour. Ozone is formed naturally in the upper atmosphere,  
15–50 km above the Earth’s surface, by the action of ultra violet rays and also by 
lightning, on molecules of oxygen. Ozone concentrations vary with altitude, peaking in 
the stratosphere approximately 25–30 km from the Earth’s surface. This concentration of 
the gas is known as the ozone layer. The ozone layer is important because it performs the 
vital role of absorbing certain wavelengths of ultraviolet light, reducing their intensity at 
the Earth’s surface, thus acting as a protective layer for life on Earth. 

Molina and Rowland (1974) showed that chlorine containing refrigerants are stable 
enough to reach the stratosphere, where the chlorine atoms act as catalysts to destroy the 
stratospheric ozone layer. The ODP values of some halogenated refrigerants are shown in 
Figure 2. 

Figure 2 ODP of common halogenated refrigerants (Calm and Hourahan, 2001). 
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2.2 Global warming 

Global warming is the increase in the average temperature of the atmosphere, oceans and 
land masses of the earth. Presently the earth is facing a rapid warming, which is believed 
to be caused mainly by human activities, such as the use of refrigeration and air 
conditioning equipment using HCFCs and HFCs having high GWP. 

Global warming is due to the absorption of infrared emissions from the earth, causing 
an increase in global earth surface temperature. When solar radiation reach the earth’s 
atmosphere, more than 30% is reflected back into space and most of the remaining 
radiation passes through the atmosphere and reaches the ground. This solar radiation 
heats up the earth, which approximates as a black body, radiating energy with a spectral 
peak in the infrared wavelength range. This infrared radiation cannot pass through  
the atmosphere because of absorption by Greenhouse Gases (GHG) including the 
halogenated refrigerants. As a result, the temperature of the atmosphere increases. This is 
known as global warming (McCulloch and Lindley, 2003; Mohanraj et al., 2009). 

The Kyoto Protocol treaty was negotiated in December 1997 and came into force in 
February 16, 2005. Its aim is to lower overall emissions from six greenhouse gases – 
carbon dioxide, methane, nitrous oxide, sulphur hexafluoride, HFCs and PFCs. 

The GWP values of common refrigerants are illustrated in Figures 3–5 (Calm and 
Hourahan, 2001). 

Fluorinated Gases (F-gases), such as HCFC and HFC, are a family of powerful, 
anthropogenic GHGs with an effective global warming impact to the atmosphere that is 
thousand times greater than that of CO2. Moreover HFC refrigerants have relatively large 
values of atmospheric lifetime compared to chlorine-based refrigerants (Mohanraj et al., 
2009). HFCs are therefore facing phase-out under the Kyoto Protocol and under EU 
regulations (No 517.20, 2014) (Mota-Babiloni et al., 2015). 

Figure 3 Global warming potential of CFC and HCFC refrigerants 
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Figure 4 Global warming potential of pure HFC refrigerants 

 

Figure 5 Global warming potential of HFC mixtures 

 

3 Refrigerant properties 

3.1 Thermodynamic properties 

The following parameters of alternative refrigerants are important from a thermodynamic 
point of view: system pressures (low and high), critical pressure, critical temperature, 
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freezing point, boiling point, specific volume, Coefficient of Performance (COP), 
specific power consumption and specific heat ratio. The system pressure is kept positive 
everywhere in order to prevent air and moisture from entering into the circuit (Mohanraj 
et al., 2009) 

The critical temperature of the refrigerant should be high enough so that the 
temperature in the condenser is far away from the critical point. This ensures a 
satisfactory refrigeration effect. Similarly the boiling point of the refrigerants should be 
low enough so as to produce a low temperature in the evaporator. The specific heat ratio 
of the alternative refrigerants also should be low. In this way a lower discharge 
temperature can be obtained, which will improve the compressor life (Mohanraj et al., 
2009). The size of the compressor depends on the volume of suction vapour required per 
ton of refrigeration. Reciprocating compressors are usually employed with refrigerants 
which operate at high pressure and having a corresponding small volume of the vapour; 
whereas rotary compressors are used with refrigerants operating at lower pressures and 
having a larger volume of the suction vapour. 

Table 1 shows the thermodynamic properties of some pure and mixed refrigerants.  

3.2 Behaviour of refrigerant mixtures 

Mohanraj et al. (2009) have stated that only a limited number of pure fluids have suitable 
properties to act as alternatives to the halogenated refrigerants. Therefore a number of 
refrigerant mixtures have been used to provide a solution to this problem. Three different 
types of refrigerant mixtures have successfully been used as alternative working fluids. 
These are termed as azeotropes, near azeotropes and zeotropes. An azeotrope is a mixture 
which cannot be dissociated into its components by distillation. It therefore evaporates 
and condenses as a single substance with properties that are different from their 
individual components. Near azeotropes will alter their composition and properties if 
there is a leakage, as different components have different evaporating temperatures. 
Finally, zeotropic mixtures do not behave like single substances when they change state. 
Instead, they evaporate and condense between two temperatures. Hydrocarbon blends are 
in fact zeotropes and Maclain-cross and Leonardi (1997) state that these blends have  
the potential of improving the energy efficiency of refrigeration and air conditioning 
systems. 

3.3 Chemical properties 

The chemical properties of a refrigerant govern the flammability, toxicity and reaction 
with other substances, such as lubricating oils, rubber gaskets, etc., found inside the 
refrigeration circuit. HFC, HFC/HC and HC mixtures have been found to be chemically 
stable for a wide range of operating temperatures. The compatibility of these mixed 
refrigerants with compressor materials and lubricants inside the system have been 
reported to be good. HC refrigerants are flammable and are non-toxic (Mohanraj et al., 
2009). The lower flammable limits of the HC refrigerants have been shown in Table 1. 
One of the advantages of HC refrigerants is their compatibility with mineral oil, which is 
usually employed as lubricant for chlorine-based refrigeration systems. 
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Table 1 Some Refrigerant properties of pure and mixed refrigerants (Calm and Hourahan, 
2001) 
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4 Environment friendly refrigerants 

Alternative refrigerants that would replace halogenated compounds used as refrigerants 
should ideally have zero ODP and zero or low GWP, low toxicity, a low price, high 
chemical stability and excellent thermodynamic properties. Some long-neglected natural 
refrigerants, such as ammonia, Hydrocarbons (HCs), CO2, water and air, may be 
alternatives to HFC and HCFC refrigerants. In this study, emphasis will be given to 
hydrocarbons as an alternative to HFCs and HCFCs in small systems. 

Hydrocarbons are by no means a new family of refrigerant. Hydrocarbons were first 
used as refrigerant in 1866 by P.J. van de Weyde, in Philadelphia. Ethane R170, propane 
R290 and isobutane R600a were successfully marketed in the 1920s (Maclaine-cross, 
2004). The products used in those days were crude base material with unknown 
quantities of impurities. The pressure–temperature relationship was unsatisfactory due to 
technical ability to blend so called single element hydrocarbons or to remove other HCs 
from a single element gas. 

In those days, equipment used for refrigeration was not built to the same standards 
and tolerances that we see today. So these older systems were unreliable and leaked 
refrigerants rapidly, mainly through the seals on the compressor drive shaft, creating fire 
and health risks. Therefore when chemical refrigerants were invented in the 1930s, they 
were quickly adopted in favour of hydrocarbons due to their stability and non-
flammability. 

However with the negative impact of chemical refrigerants on the environment as 
pointed above, there was a revival of hydrocarbon refrigerants in the mid-1990s (Park 
and Jung, 2006). Hydrocarbons have been widely used in small units such as domestic 
refrigerators and small commercial refrigeration and air conditioning systems mostly in 
Asian and European countries (Maclaine-cross and Leonardi, 1997). 

Table 2 compares the ODP and GWP of some common chemical and HC refrigerant. 

Table 2 Comparison of ODP and GWP of chemical and HC refrigerants 

Refrigerant R12 R22 R134a R600a R290 

Class CFC H CFC HFC HC HC 

Atmospheric life 130 15 16 <1 <1 

ODP 1.0 0.07 0 0 0 

GWP 8500 1700 1300 8 8 

Compared with HCFCs and HFCs, HC refrigerants offer zero ODP and negligible GWP 
and, in regard to their performance, they offer in general: high efficiency, reduced charge 
sizes, good miscibility with mineral oils (synthetic lubricants are not required), lower 
compressor discharge temperatures, and better heat transfer within heat exchangers 
(Corberan et al., 2008; Zhang et al., 2013) 

5 Studies on HC as refrigerant 

Technical literature show that many researchers have studied HC refrigerants as 
alternatives to traditional refrigerants in a variety of equipment; however, these studies 
were focused on medium and small-scale refrigerators or air conditioners due to 
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consideration of flammable property and safety (Yu and Teng, 2014). HCs have 
successfully been used as a drop-in replacement, that is, without any modification and 
adjustment of the existing system, in a number of applications. In the following studies 
HC has been used without any modification and adjustment of the existing system: 

Alsaad and Hammad (1998) used Liquefied Petroleum Gas (LPG) with 24.4% 
propane (R290), 56.4% butane (R600) and 17.2% isobutane (R600a) in 320 l of the 
domestic refrigerant R12. Experimental results showed that the evaporation temperature 
reached –15°C with a Coefficient of Performance (COP) value of 3.4 at a condensation 
temperature of 27°C and an ambient temperature of 20°C. LPG was successfully used as 
an alternative for R12 in a domestic refrigerator; the refrigerator functioned normally and 
adjusting the refrigeration system was not required. 

Akash and Said (2003) studied the performance of the R12 retrofitted system with 
LPG (30% R290, 55% R600 and 15% R600a by weight) as an alternative at various 
charge amounts (50 g, 80 g and 100 g) for R12 in 240 l domestic refrigerator. The results 
reported that 80 g of LPG mixture showed best performance and higher cooling 
capacities compared to that of R12.  

Jung et al. (2000) examined R290/R600a as an alternative in a 299 l and 465 l R12 
domestic refrigerator. Their analysis indicated that the mixture of R290/R600a in a 
proportion of 0.2–0.6 mass fraction of HC290 yielded an increase in COP of up to 2.3% 
as compared to R12. Power consumption measurements on the system indicated an 
improvement in the energy efficiency by 3%–4% with slightly higher capacity than that 
of R12. 

Wongwises and Chimres (2005) used the HC refrigerants R290, R600 and R600a to 
replace R134a in a domestic refrigerator with a gross capacity of 239 l. The refrigerant 
mixtures used were divided into three groups: a mixture of the three HCs, a mixture of 
two HCs, and a mixture of two HCs and R134a. The experiments were conducted with 
the refrigerants under the same no-load condition at a surrounding temperature of 25°C. 
The results showed that the mixture of R290 and R600 (60% and 40% according to mass, 
respectively) was the most appropriate alternative. Compared with using R134a, using 
this HC mixture reduced the refrigerator’s energy consumption by 8.6%. The refrigerant 
charge of the HC mixture system was approximately 50% of that of the R134a system 
(120 g). 

Jwo et al. (2009) used an HC mixture of R290 and R600a (50% and 50% according 
to mass) as an alternative to R134a in a domestic refrigerator with 150 g of charged 
R134a. The results showed that the HC mixture exhibited 4.4% lower energy 
consumption, a 17.4% lower running time and a 40% lower charging mass of the 
refrigerant than R134a. 

Mohanraj et al. (2009) conducted an experimental investigation using an HC mixture 
of R290 and R600a (45.2% and 54.8% according to mass, respectively) as an alternative 
to R134a in a 200-l single-evaporator domestic refrigerator. Continuous running tests 
were performed in various ambient temperatures (24°C, 28°C, 32°C, 38°C and 43°C), 
whereas cycling running (on and off) tests were implemented only at an ambient 
temperature of 32°C. The results showed that the HC mixture exhibited approximately 
11.1% lower energy consumption, an 11.6% lower pull-downtime, a 13.2% lower on-
time ratio and a 3.25% to 3.6% higher COP than R134a did. The discharge temperature 
of the HC mixture was found to be 8.5–13.4 K lower than that of R134a. 

Rasti et al. (2012) used R436A, a mixture of R290 and R600a (56% and 44% 
according to mass, respectively) as an alternative to R134a in a 238-l single-evaporator 
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domestic refrigerator without any modifications in the refrigeration cycle. The 
refrigerator was charged with various masses of R436A, and in addition to the 
refrigerator’s power consumption during operation, the temperatures in different sections 
of the refrigerator were measured. The results showed that, compared with the basic 
refrigerator functioning with R134a, using R436A reduced the on-time ratio and the daily 
energy consumption by 13% and 5.3%, respectively. The refrigerant charge of the 
R436A system was approximately 52% of that of the R134a system (105 g). 

6 Safety issues of HCs 

6.1 Flammability 

The principle impediment of hydrocarbons being accepted as a refrigerant for widespread 
use in the RAC sector is its flammability. However this hazard can be overcome if 
certain precautions are observed.  

The approximate auto-ignition temperatures for some refrigerants and lubricating oil 
are given below in Table 3. 

Table 3 Auto ignition temperatures 

Refrigerant Auto-ignition temperature 

R22 740ºC 

R12 885ºC 

R134a 647ºC 

R290 475ºC 

R600a 480ºC 

Oil 262ºC 

From Table 3 it can be seen that the auto-ignition of hydrocarbon refrigerants are lower 
than those of R22, R12 and R134a. This means that hydrocarbons will catch fire more 
easily. However, the much lower auto-ignition temperature of lubricating oil makes this 
difference meaningless (GTZ-Proklima, 2005). 

Within any refrigeration/air conditioning system, there is refrigerant and some type of 
lubricant. During operation, the gas and the oil is pressurised and heated; if a leak occurs, 
refrigerant and oil mist is sprayed from the leak. So the first thing to ignite is actually the 
lubricant, and when this burns the temperature given off is in the region of 6000°C,  
so with a temperature that high the auto-ignition temperatures shown above are 
inconsequential (GTZ-Proklima, 2005). Another important issue to consider here is that 
when HCs burn the by-product is steam and carbon. When CFCs, HCFCs and HFCs 
burn, the fumes given off are highly toxic. 

For hydrocarbon refrigerant to ignite three conditions are necessary, 

1 There should be a leakage of refrigerant from the system. 

2 The refrigerant should form a flammable cloud with ambient air in a concentration 
from 2% to 10% (Maclaine-cross, 2004). 

3 There should be an ignition source. 
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In the absence of any of the above conditions, combustion will not occur. All safety 
standards associated with the use of HC refrigerants therefore aims at eliminating the 
above. 

7 Retrofitting a bench-type window air conditioning unit using  
R22 with a blend of HC (95% propane, 5% ethane) 

7.1 Experimental equipment 

To meet the objectives of this study, a bench-type window air conditioning unit was 
used. This is shown in Figure 6. The unit is equipped with the following: 

 Resistance thermometers (PT 100 type). 

 A power supply with voltage, current and power readings. 

 Access points for measuring temperatures at various points on the refrigerant circuit. 

 Pressure gauges for measuring the low and high pressure. 

 An access port on the low pressure of the compressor. 

Figure 6 Bench-type air conditioning unit 

 

The technical specifications of the system are as follows: 

 Refrigerant used: R22 

 Cooling power: 12 000 BTU 

 Refrigerant capacity: 1.2 kg 

 Hermetic reciprocating compressor 

 Lubricant type: mineral oil 

 Operating voltage: 240 V 
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Figure 7 shows a schematic representation of the bench-type air conditioning unit. 

Figure7 Schematic representation of bench-type window air conditioning unit 

 

Additional equipment used for conducting the experiment: 

 Maxi-R recovery unit used for pumping out the reference refrigerant before 
replacing with the drop-in refrigerant. 

 Recovery cylinder (capacity 8 l). 

 Infra-red thermometer. 

 Vacuum pump. 

 Vacuum gauge (range: 1 Torr–0.0001 Torr). 

 Electronic mass measuring scale (capacity 20 kg, accuracy 0.1 g). 

 Pressure gauges and hoses for connecting all equipment. 

7.2 Experimental procedure  

The objective of the experiment was to replace R22 in the window unit with a blend of 
hydrocarbon refrigerant and to make a comparison of their respective performance. The 
hydrocarbon refrigerant used to replace R22 in the experiment was a blend of R290/R170 
(95% propane, 5% ethane).  

Hydrocarbon refrigerants are not yet commercialised on a large scale in Mauritius. 
The blend used for this experiment was obtained from the Ministry of Environment in 
Mauritius for testing purposes. The experiment was conducted as follows: 

1 The unit was run for one hour to allow it to stabilise. The following temperatures 
were measured using an electronic thermometer and an infra-red thermometer at the 
points 1 to 4 as shown on the schematic representation (Figure 7) of the window 
unit. 
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T1: Temperature at compressor discharge 

T2: Temperature at condenser exit 

T3: Temperature at entry of evaporator 

T4: Temperature at evaporator exit 

2 The system operating pressures and power consumption were also recorded. The 
experiment was repeated several times so that an average value of the various 
parameters could be obtained. 

3 These data were used to draw the refrigeration cycle on a PH diagram for R22. 

4 From the diagram the compressor work and refrigeration effect were calculated. 

5 The COP of the unit was calculated. 

7.3 Charging the system with hydrocarbon refrigerant 

1 Before charging with hydrocarbon, the R22 refrigerant in the window unit was 
recovered using recovery unit.  

2 After recovery, the system was vacuumed. Vacuuming was carried for about one 
hour.  

3 The system was then charged with the hydrocarbon blend in liquid state at the inlet 
of the compressor. Since the window unit had an initial R22 charge of 1.2 kg, the 
charge of HC refrigerant required was about half to one third of this according to 
Maclaine-cross and Leonardi (1997), Park and Jung (2006). 

4 A digital scale of 0.1 g accuracy was employed to monitor the amount of charge. 

5 The expansion valve was controlled, and simultaneously the amount of charge was 
adjusted to maintain the constant superheat and sub-cooling, usually 5°C each, at the 
exits of evaporator and condenser. The charge used was 450 g.  

6 Temperatures T1 to T4 as per Figure 2 were recorded at one hour intervals during  
the day. 

7 These data were used to draw the refrigeration cycle on a PH diagram for R22. 

8 From the diagram the compressor work and refrigeration effect were calculated. 

9 The COP of the unit was calculated with the HC blend. 

7.4 Results and discussion 

Tables 4 and 5 summarise the results obtained during the experiment. 

Table 4 Average temperatures and pressures on window unit 

 T1/ºC T2/ºC T3/ºC T4/ºC PH/Bar PL/Bar 

R22 14.5 86.8 38 –5 14 4 

HC 17 76 30 –12 12.5 3.5 
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Table 5 Additional parameters on window unit and COP 

 Average power 
consumption 

Current Air temperature 
off evaporator ºC 

Average room 
temperature 

COP 
(average) 

R22 620 W 3.8 A 14 26ºC 4.37 

HC 540 W 3.2 A 13.5 26ºC 4.9 

7.4.1 Energy efficiency 

In order to reduce greenhouse effect, the energy efficiency of RAC equipment should be 
improved. In refrigeration and air conditioning, the COP is a measure of energy 
efficiency for a given device charged with a given refrigerant. There was a net 
improvement of the COP of the window air conditioning unit from 4.37 to 4.9, after R22 
was replaced with HC. This represents an increase of 12.9% in the COP.  

7.4.2 Energy consumption 

A reduction in power consumption of the window unit was noted after replacement of 
R22 with HR22/502. Power consumption with R22 was 620 W. This went down to 540 
W with HR22/502. This represented a 12.9% economy in power consumption of the unit. 

7.4.3 Vent temperature 

There was also a slight decrease in temperature of the air coming from the vents from 
14°C to 13.5°C. Cooling of air from the vent was also considerably more rapid. This is 
an indication of improved efficiency. 

8 Retrofitting a bench-type car air conditioning unit with a blend  
of HC refrigerant (50% propane, 50% isobutane) used as a  
drop-in replacement for R134a 

In this section, a description of the experiment carried out for replacing R134a used in a 
bench-type car air conditioning unit, with a blend of hydrocarbon refrigerant is given. 
The results in performance and energy savings obtained, if any, will also be discussed. 

8.1 Experimental equipment 

A bench-type car air conditioning unit shown in Figure 8 was used for the experiment. 
The unit was driven by an electric motor instead of a car engine. This allowed power 
consumption of the compressor to be more easily monitored. 

Technical specifications of the system are given below: 

 Refrigerant used: R134a 

 Cooling power: 12,000 BTU 

 Refrigerant charge: 0.8 kg 

 Hermetic reciprocating compressor 
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 Lubricant type: mineral oil 

 Operating voltage: 240 V 

The unit is equipped with the following: 

 Two resistance thermometers (PT 100 type). 

 A power supply with voltage, current and power readings. 

 Access points for measuring temperatures at various points on the refrigerant circuit. 

 Pressure gauges for measuring the low and high pressure. 

 An access port on the low pressure of the compressor. 

Figure 8 Bench-type air conditioning unit (see online version for colours) 

 

The same additional equipments were used as in section 7.1. 
Figure 9 shows a simplified schematic representation of the car air conditioning unit. 

Figure 9 Schematic representation of bench-type window air conditioning unit 
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8.2 Experimental procedure 

The experiment was conducted using the following procedure: 

1 The unit was run for one hour to allow it to stabilise. A temperature of 26°C was 
maintained in the room. The following temperatures were measured using an 
electronic thermometer and an infra-red thermometer at the points 1 to 4 as shown 
on the schematic representation (Figure 9) of the air conditioning unit. 

T1: Temperature at compressor discharge 

T2: Temperature at condenser exit 

T3: Temperature at entry of evaporator 

T4: Temperature at evaporator exit 

2 The system operating pressures and power consumption were also recorded. The 
experiment was repeated several times so that an average value of the various 
parameters could be obtained. 

3 These data were used to draw the refrigeration cycle on a PH diagram for R134a. 

4 From the diagram the compressor work and refrigeration effect was calculated. 

5 The COP of the unit was calculated. 

8.3 Charging the system with hydrocarbon 

Before charging with hydrocarbon, the R134a refrigerant in the car unit was recovered 
using the Maxi-R recovery unit. The recovery process is the same as that described in 
section 7.3. After recovery, the system was vacuumed. Vacuuming was carried for about 
one hour. The system was then ready to be charged with hydrocarbon. 

Figure 10 Charging car AC unit with HR12 (see online version for colours) 
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The hydrocarbon refrigerant used to replace R134a in the experiment was a blend  
of R290/R600a (50% propane, 50% isobutane). According to Jwo et al. (2009),  
this hydrocarbon blend can effectively replace HFC R134a in medium temperature 
refrigeration and air conditioning systems without any modification. This blend was also 
obtained from the Ministry of Environment for testing purposes. 

Since the car unit had an initial R134a charge of 800 g, the charge of HC used was a 
third of this, which is about 270 g (Maclaine-cross, 2004). This was charged into the 
system following the procedure given in section 7.5.2. Figure 10 shows the car AC unit 
being charged with hydrocarbon refrigerant HR12. 

8.4 Results and discussion 

Tables 6 and 7 summarise the results obtained during the experiments with R134a and 
the hydrocarbon blend. 

Table 6 Average temperatures and pressures on car air conditioning unit 

 T1/ºC T2/ºC T3/ºC T4/ºC PH/Bar PL/Bar 

R134a 15 78 38 –5 16.5 2.8 

HC 10 66 33 –8 12.5 2.1 

Table 7 Additional parameters on car air conditioning unit and COP 

 Average power 
consumption 

Current Air temperature 
off evaporator/ºC 

Average room 
temperature 

COP 
(average) 

R134a 1.8 KW 4.5 A 11.5 26ºC 4.6 

HC 1.72 KW 4.3 9 26ºC 4.9 

8.4.1 Energy efficiency 

Coefficient of performance is an indication of energy efficiency for a given refrigeration 
device charged with a specific refrigerant. There was a slight improvement of the COP of 
the car air conditioning unit from 4.6 to 4.9, after R134a was replaced with HC. This 
represents an increase of 6.5% in the COP.  

8.4.2 Energy consumption 

A slight reduction in power consumption of the car AC unit was noted after replacement 
with HR12. Power consumption with R134a was 1800 W. This went down to 1720 W 
with HR12 representing an economy of 4.4%. 

8.4.3 Vent temperature 

There was also a net decrease in temperature of the air coming from the vents from 
11.5°C to 9°C. Cooling of air from the vent was also considerably more rapid. This is an 
indication of improved efficiency. 
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9 Conclusions 

In this study, air conditioning performance of, 

(a) R22 and a blend of R290/R170 (95% propane, 5% ethane) was measured in a bench-
type window air conditioning unit. 

(b) R134a and a blend of R290/R600a (50% propane, 50% isobutene) were measured in 
a bench-type car air conditioning unit. 

The study was conducted under conditions typical to a tropical island.  
There was an improvement of the COP by 12.9% in the first experiment with the 

blend of R290/R170. In the second experiment, the increase of COP with the blend of 
R290/R600a was only 6.5%. An increase in COP implies a better refrigeration effect or 
less compressor work, or both. The refrigeration capacity of these blends of HC 
refrigerants used in the two experiments matched those of R22 and R134a, respectively. 
If the capacity of an alternative refrigerant differs too much from that of the reference 
fluid, the compressor must be redesigned. Therefore, drop-in replacement of the 
reference refrigerant is only possible if the alternative refrigerant provides a similar 
thermodynamic capacity. 

Compressor discharge temperature of the HC blend tested against R22 was lower by 
10.8°C. In the case of the HC blend tested against R134a, the drop in discharge 
temperature was 12°C. This is an indication of less compressor work and hence improved 
system efficiency. It was also noted that the refrigerant charge for the HC blend in both 
experiments was reduced to nearly one third of the original charge of R22 and R134a, 
respectively, due to their lower density. Even if the whole of this charge was to leak in an 
average room, the air-HC mixture would be under the lower flammable limit of 2% 
(Maclaine-cross and Leonardi, 1997). Therefore HC refrigerants are quite safe to be used 
in small refrigeration and air conditioning systems. 
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Abstract: The aim of this paper is to assess the potential of biogas production 
from cattle waste and residues of cattle feed. The ratios of cow dung to feed 
residues were: 25:75, 50:50, 75:25 and 100:0, respectively. It was observed that 
the 100% cow dung set-up generated the maximum volume of biogas, 
amounting to 12,785 ml, while the 50% cow dung set-up produced only 7300 
ml of biogas which was the least amount generated from any of the four 
digesters, at the end of the 30 days of evaluation. The biogas produced can be 
expressed as volume of gas produced per unit weight of volatile solids added or 
destroyed. The Volatile Solid (VS) is the organic matter present in the total 
solid, thus the total solid was measured. The maximum Total Solid (TS) 
recorded was 8.37% for the 100% cow dung feedstock and the minimum value 
was 1.25% for the 50% cow dung feedstock. The maximum volatile solid 
calculated was 49.2% for the 75% cow dung feedstock and the least value was 
16.7% for the 100% cow dung feedstock.  

Keywords: biogas; cattle waste; feed residues; cow dung. 
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1 Introduction 

At the dawn of the new millennium, the world energy outlook seems to be a very 
pessimistic picture wherein the prediction of depleting fossil fuel resources is becoming a  
reality. Mauritius also, to secure itself for future energy needs since the reserves of long-
established fossil fuels are depleting and lately apprehension has been raised on their 
negative impacts on the environment is currently known that greenhouse gas, carbon 
dioxide, comes from the combustion of these non-renewable fuels (Al Saedi et al., 2008). 
One possible solution is the production of biogas anaerobic digestion to be used for 
cooking in the first instance at household level does not require big investment. This can 
also be extended to larger scale if funds are available for conversion of biogas to 
electricity. 

The Anaerobic Digestion (AD) process uses the organic fraction of solid waste for 
decomposition to produce biogas which consists mainly of methane gas, carbon dioxide 
and a small portion of nitrogen (Rasi, 2009). The biogas is a stable, non-toxic and fairly 
combustible fuel that can also be used as a source of energy in co-generation plants to 
generate electricity and valuable thermal energy for heating purposes, fuel in vehicles or 
as an additive to other fuels in gas stations (Widodo and Hendriadi, 2005). The only by-
product of AD is a semi-solid, known as the digestate, which can be treated aerobically at 
a temperature of 55°C to produce compost used as a natural fertiliser used for soil 
improvement. A rough estimate of the content of biogas gives a composition of 45% to 
70% of methane and 30% to 45% of carbon dioxide. Thus a green source of energy can 
be obtained mostly from organic waste. 

For this study, the Vedic farm of ISKCON Bon Accueil (Mauritius) was selected. 
They had a biogas plant which consisted of a concrete cylindrical tank of about 3 m 
diameter and about 6 m deep coupled with a gas collector which was fixed in the centre 
of the tank with a pivot. The gas collector would move up by the action of the pressure 
exerted by the gas produced and it would go down once all gas was removed. The project 
started in 1984 and biogas was produced till 1995 for domestic cooking purposes. The 
farm consisted of 10 cows and 25 people were involved in the project which cost Rs. 
30,000 at that time. The feedstock constituted of cow dung, cow urine and water. Slurry 
was made and fed to the bottom of the tank. The feedstock would be fermented and 
biogas would be produced. The gas collector had a pipe connected to it and to the kitchen 
where it was used directly for cooking. However, due to a shift to a medium scale 
demand for cooking for commercial purposes, the amount of biogas produced was 
insufficient. Moreover, the pivot in the tank rusted and maintenance was not properly 
done thereafter. It could be concluded that biogas production at the Vedic farm was a 
success for domestic use but not for commercial use. The potential of biogas production 
is existent if there is provision for more gas which is possible by the use of co-substrates 
such as feed residues to enhance the production of biogas. 

Hence, the aim of this study consisted of determining the potential of biogas 
generation from cattle waste and residues of cattle feed which include cane tops and 
leaves, to be used for cooking at the Vedic farm. The amount of biogas produced and its 
composition were analysed. 
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2 Materials and methods 

2.1 Cattle waste and residues of cattle feed 

The cattle waste selected was Cow Dung (CD) which was readily available from the 
dairy farm of the Vedic farm of ISKCON Bon Accueil, Mauritius. The other component 
of the feedstock fed in the anaerobic digestion process was the residues of cattle feed of 
the hard parts of cane tops and leaves or dry leaves and grasses and some green cane 
leaves and grasses. As per Tyagi (1989), a cow may produce dung in the range of 0.5 to 
1.7 tonnes per annum. The residues consisted mainly of the non-edible parts of the fodder 
fed to the cows.  

2.2 Percentages of co-substrates in AD 

According to Campos et al. (2002), methane generation is prone to drop with increasing 
solid content and this decrease occurs when the solid content is over 10%. A low solid 
content of 10% of the final mix was thus chosen. Low solid content anaerobic digestions 
are systems that can handle input solid content up to 15% only. The ratio of inoculum to 
substrate was chosen to be 0.5. 

2.3 Experimental set-up 

Plastic bottles (2 l) were used for the set-up which consisted of two outlets: one at the 
top, closed with a cork, a tube and one at the bottom, closed with a cork and a tube 
inserted in the cork and closed with a clip (Figure 1). Samples were taken from the outlet 
by removing the clip. Black plastic sheets were wrapped around the bottles so that to 
prevent light from affecting the AD process. The ratio of cow dung to feed residues were 
varied at: 25%, 50%, 75% and 100% indicating that they contained a feedstock of 25% 
CD, 50% CD, 75% CD and 100% CD composition, respectively. This was done to 
determine the ratio that produced maximum biogas. 

Figure 1 Set-up for gas quantification 

 

2.4 Analytical method 

The laboratory tests consisted of chemical and physical tests which aimed at observing 
the changes in the composition of substrates with time and these were related to the 
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amount of biogas produced during the duration of the retention time which was chosen to 
be 30 days. Sampling was done twice a week for a period of 36 days while gas 
quantification was performed for a period of 30 days. The measurement of gas generation 
was done on a daily basis. The laboratory tests included pH measurement, Total solid 
(TS), Volatile solid (VS), Chemical Oxygen Demand (COD) and Volatile Fatty Acid 
(VFA). 

2.4.1 pH determination 

The probe of the pH metre was dipped in the sample. Normally, the probe was inserted at 
approximately half the length to ensure that a good value was obtained. The pH was then 
displayed on the screen of the metre. Also the pH metre was allowed to stabilise before 
taking the value. 

2.4.2 Total solids 

A sample of about 5–10 g was taken and weighed in a crucible. This is known as the wet 
weight of sample. This was then dried to constant mass in an oven at 105C. The sample 
was then allowed to cool and the crucible was weighed again. The moisture content was 
calculated from the equation below: 

% W = M1 – M2  

where %W is the moisture content of the sample, M1 is the weight of the wet sample, M2 
is the weight of the dry sample. 

Total solid is then calculated by using the equation: 

% TS = 100% – % W 

where % TS is the % of total solids in the sample. 

2.4.3 Volatile solids  

The dried sample from the moisture content test was weighed and the sample and the 
crucible was ignited in a furnace, at 550C for about 2 h to allow complete burning of the 
residual content. The crucible was then reweighed and the VS % was measured as 
follows: 

% VS = [(M + S) – A] × 100 

where M is the empty weight of crucible, S is the weight of crucible + sample, A is the 
weight of crucible + sample after ignition. 

2.4.4 COD determination 

Titration method was used to know the amount of COD of sample. The sample was 
digested in a tube with the digestion reagent namely potassium dichromate, using 
concentrated sulphuric acid with silver sulphate as a catalyst. The solution of the tube 
was then titrated against Ferrous Ammonium Sulphate (FAS) solution. Two digested 
blanks and one undigested blank were also done. The following procedures were done in 
triplicates for each sample: 1.5 ml of digestion solution was put into a digestion tube to 
which 2.5 ml of sample and 3.5 ml of catalyst solution were added. The tube was then 
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closed and placed in the COD reactor for 2 h. For blanks, the steps above were used but 
the difference was that distilled water was used instead of sample. Titration was done 
with the cooled resulting solution whereby two drops of ferroin indicator were added and 
titrated against FAS solution until a colour change from yellowish green to red is noted. 

The COD was then calculated using the equation below: 

B S D 1000
COD

7

  
   

where S is the volume of sample, B is the volume used for blank, D is the dilution factor. 

2.4.5 VFA determination 

The five pH point titration method was used. The basic principle of this is that the sample 
is titrated from its initial pH to 4 pH points located at 6.7, 5.9, 5.2 and 4.3 on the pH 
scale. Volatile fatty acid concentration and alkalinity are calculated from the 
‘TITGRAM’ software by knowing the amount of titrant required to reach the pH points 
above. 

2.5 Gas quantification 

The amount of biogas produced was measured on a daily basis which was also a measure 
of the progress of the reaction and of the efficiency of each set of mixtures of substrates 
to yield biogas. The liquid displacement gas measurement technique was used for this 
purpose (Figure 2). 

Figure 2 Set-up for biogas collection and quantification 

 

3 Results and discussion 

3.1 Total solid variation 

The graphs in Figure 3 show a non-uniform trend in the change of TS with time. 
Nevertheless, it should be noted that the trend for each feedstock is more or less similar 
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to each other. There is a general drop in TS for all the samples except for the 25% CD 
composition sample, which had nearly a constant TS content during the initial phase, i.e. 
during the first 14 days for the 25%, 50% and 75% CD feedstocks and during the first  
21 days for the 100% CD feedstock. The drop in TS can be explained by the fact that at 
the initial stage of AD, the micro-organisms were feeding upon the substrates and were 
converting the solids into gaseous products. After this sharp decrease, the graphs show an 
increase to a peak value for all the feedstocks. The 25% CD feedstock had a TS content 
of 4.85% on the 21st day, the 50% CD feedstock had a TS content of 4.91% on the 19th 
day, the 75% CD had a TS value of 3.85% on the 19th day while the 100% CD feedstock 
had a TS content of 6.01% on the 26th day. This is the period wherein the micro-
organisms would grow in number. During that time, the generation of new cells takes 
place. This contributes to an increase in solid content. After the first peak, there was a 
drop in TS, followed by fluctuations. For the 25% CD feedstock, the newly produced 
micro-organisms would first consume the nutrients in the feed residues, then again new 
cells would be produced which would consume the solid content till the completion of 
the process. For the 50% CD feedstock, the equal amount of feed residues and cow dung 
indicated that the consumption of substrate was more pronounced. Also, the generation 
of new cells was noticeable. However, later observations showed that the growth and 
consumption counteracted each other and finally the TS dropped to indicate that there 
was more consumption. For the 75% CD feedstock, the rate of growth of new cells was 
more or less counterbalanced by the rate of consumption till the end of the process. In 
case of the 100%, the trend showed a general decrease after the peak. This indicates that 
the micro-organisms did not have an extra source of nutrients as in the cases of the other 
feedstocks, hence, they tended to thrive on the available substrate to produce biogas. The 
biogas is produced according to the following formula (Youssef et al., 2011): 

2

4

2 3

( 4 2 3 4)

( 2 8 4 3 8)

( 2 8 4 3 8)

n a b dC H O N n a b d H O

n a b d CH

n a b d CO dNH

   

   
    

  

Figure 3 Variation of TS with time (see online version for colours) 
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3.2 Volatile solid variation 

The VS represent the actual organic substrate from which the biogas is produced. In case 
of the 25% CD feedstock, there was an increase till the 19th day which indicated that the 
rate of bacterial growth was greater than that of biogas production during that phase 
(Figure 4). However, once the population of AD bacteria was enough, there was a sharp 
drop in VS signifying an increase in bacterial activity on the substrate. The 50% CD 
feedstock graph shows a significant bacterial activity from the beginning due to the 
presence of an appreciable amount of nutrients for the micro-organisms to feed on and to 
produce biogas. The increase as from the 19th day indicates a decrease in bacterial 
activity which can be explained in terms of generation of new cells. After this phase, as 
from the 21st day, the VS again decreased implying that the newly produced cells were 
converting more substrate into biogas. At the end of the process, the percentage of VS 
increased because bacterial activity was nearing to nil. The 75% CD feedstock also 
exhibited the same trend as the 50% CD feedstock, but at different instances because it 
contained more micro-organisms than substrate. The 100% CD feedstock showed little 
variation in VS. This is because the rate of conversion of substrate to gas was more or 
less constant and routine for a single substrate. 

Figure 4 Variation of VS with time (see online version for colours) 

 

3.3 Chemical Oxygen Demand (COD) variation 

COD gives an idea about microbial activity upon the chemical constituents of the 
substrates as the latter require oxygen to be converted into methane and carbon dioxide. 
The 25% CD feedstock experienced a significant drop on COD from the 5th to the 14th 
day (Figure 5). This can be explained by the fact that the AD bacteria were growing in 
number during that phase and, subsequently, no oxygen was in need to convert the 
chemical constituents of the substrates into biogas. After reaching the minimum value of 
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2941.2 mg/l, the rate of COD requirement increased non-uniformly which reflected the 
combined effect of bacterial growth and conversion of substrates to biogas. The 50% and 
75% CD feedstock graphs exhibit almost the same variation of COD. The initial decrease 
indicates that the substrates were in need of oxygen to a lesser quantity since there was 
bacterial generation and no conversion of substrate to gas was occurring during that 
phase. Once that initial phase was over, on the 14th day, there was an increase in COD 
which is synonymous to an increase in bacterial activity on the substrates. After the peak 
increase, there was a sharp decrease which inferred the generation of more new cells and 
this was followed by small fluctuations till the completion of the process. In the case of 
the 100% CD feedstock, bacterial activity started from the beginning since there was no 
opportunity for the micro-organisms to act on any external source of nutrients. The 
increasing trend in COD till the 14th day was followed by a decrease due to inhibited AD 
as a result of a favoured rate of cell generation instead of the oxidation of substrates. As 
from the 21st day, however, there was a significant increase in COD owing to the number 
of bacteria acting upon the substrates. The decrease which followed as from the 26th day 
hinted at the decrease in biogas generation and the eventual ending of the AD. 

Figure 5 Variation of COD with time (see online version for colours) 

 

3.4 Volatile Fatty Acid (VFA) variation 

The variation of VFA gives an idea about the bacterial action upon the substrates. As 
long as the AD process is occurring, VFA are produced which are ultimately converted 
into biogas. For the 25% CD feedstock, VFA had a tendency to decrease with some 
fluctuations where the VFA content increased due to increased bacterial activity  
(Figure 6). For instance, on the 21st and 33rd days, VFA increased, inferring a rising rate 
of AD while VFA dropped to zero at the end of the observation time which indicates the 
end of the process. The 50% CD feedstock exhibited a high VFA content at the initial 
phase which eventually decreased, indicating that a slow rate of AD was taking place due 
to new bacterial cell generation as it can also be seen in the COD, VS or TS graphs. 
However, the sharp rise as from the 26th day implies a rise in the rate of AD and 
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increased biogas production and the decrease that followed by the end of the observation 
time indicated the imminent end of the process. In case of the 75% CD feedstock, the 
slight increase in VFA at the start indicated a slight bacterial activity and the decrease 
that followed was due to the generation of new cells which did not favour VFA 
formation. The increase as from the 29th day to the 33rd day showed an increase in 
biogas generation. Beyond the 33rd day, the rate of the AD process seemed to decrease. 
The 100% CD feedstock exhibited many instances of fluctuations which can be 
explained in terms of bacterial activity and cell generation. Initially, the bacteria had to 
feed upon the substrate, thus forming VFA. However, after this phase, they grew in 
number and the rate of VFA formation decreased. This tendency was exhibited 
throughout the process. 

Figure 6 Variation of VFA with time (see online version for colours) 

 

3.5 pH variation 

As per Al Saedi et al. (2008), the ideal pH for AD in mesophilic condition lies in between 
6.5 and 8.0. The pH of all the four sets of feedstocks were in that range except for the 
75% and 100% CD feedstocks which were minimally above a pH of 8.0 in the initial 
phase (Figure 7). Inhibition of AD due to pH change was therefore insignificant. The 
increase in pH for the 25%, 50% and 75% CD feedstocks can be explained by the 
generation of free ammonia in the digesters by the micro-organisms which were acting 
on proteins present in the feedstocks. After the first peak for those three feedstocks, all of 
them followed a decreasing trend similar to that of the 100% CD feedstock from the very 
beginning of the process. The decrease in pH was due to the accumulation of VFA in the 
sludge. The slight increase was because of the alkaline effect of ammonia produced 
whilst a drop in pH was due to the acidic VFA produced by the bacteria. The decrease in 
pH was more noticeable in the case of the 75% and 100% CD feedstocks indicating that 
the AD bacteria were more active in these cases, since more VFA were produced which 
would have eventually been converted into methane. In fact, the above graph is a 
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combination of the variation of ammonia generation and VFA production in the 
feedstocks and as such, a decrease in VFA in the previous graph is translated into an 
increase in pH in the above graph. 

Figure 7 Variation of pH with time (see online version for colours) 

 

3.6 Biogas yield 

The graph of the variation of biogas yield with time is a result of the combined effect of 
each of the above parameters, namely TS, VS, COD, VFA and pH. The 25% CD 
feedstock exhibited an increasing rate of biogas generation during the first week  
(Figure 8). After the 7th day, the rate of biogas production decreased and was nearly 
linear till the 24th day. As from the 24th day, the rate of biogas generation increased 
again to become linear. The biogas yield reached a maximum of 8585 ml by the end of 
30 days of observation. The 50% CD feedstock produced the maximum volume of biogas 
at the initial stage till the 5th day. It produced biogas at a nearly constant rate till the 13th 
day, but the rate decreased to nearly zero at the 25th day. This might be due to a change 
in pH or some inhibiting factors which have lead to a decrease in the rate of biogas 
production. However, the yield experienced a small increase to become constant again by 
the end of 30 days and it amounted to a total of 7300 ml at the end of one month, which 
is the lowest among the four set-ups. The 75% CD feedstock had an almost constant rate 
of biogas production till the 9th day and as from the 12th day, the rate increased till the 
end of observation period. The yield reached 12,170 ml of biogas at the end of 30 days 
and, apparently, the feedstock had the potential to produce more since it did not show any 
sign of decreasing rate of generation. The 100% CD feedstock had the lowest biogas 
yield at the very beginning. However, as from the 5th day, the rate of generation 
increased and varied almost linearly till the end of the observation time. It eventually 
yielded the maximum amount of biogas which amounted to 12,785 ml at the end of one 
month. 
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Figure 8 Variation of volume of biogas produced (see online version for colours) 

 

4 Conclusions 

It was observed that the 100% CD feedstock yielded the maximum volume of biogas, 
which amounted to 12,785 ml by the end of the experimental period. The 75% CD 
feedstock had a yield of 12,170 ml, while the 25% CD feedstock produced a maximum of 
8,585 ml of biogas by the end of 30 days of observation. The least yield of biogas was 
generated by the 50% CD feedstock which was 7300 ml. This showed that biogas yield 
increases with the number of AD bacteria present in the substrate since the 100% CD had 
the maximum number of micro-organisms as compared to the other feedstocks. 
Moreover, results from the variations of TS, VS, COD, pH and VFA emphatically proved 
that favourable bacterial activity was more acute in the 100% CD feedstock than in the 
other feedstock. However, it should be noted that the presence of the feed residues did 
enhance the generation of biogas from the cattle waste. Using a simple ratio, if the 100% 
CD feedstock, containing 587 g of CD, produced 12,785 ml of biogas in 30 days, then 
the 75% CD feedstock, which consisted of 422 g of CD, would have produced only 
9,191.3 ml of biogas. The feed residues had increased the yield by 32.4%. This indicates 
that the availability of a small percentage of co-substrate, which acts as a source of 
nutrients for AD micro-organisms, would definitely boost the yield of biogas. The same 
observation can be made with the other feedstocks. Nevertheless, in reality, the amount 
of cattle waste produced is far greater than the amount of cattle feed residues. Hence, the 
ratio of mixing of the two substrates would rather fall in the range of 75% to 100% of 
cattle waste to feed residues in a realistic approach.  

The yield of biogas from these substrates can prove to be a break-through for the 
Vedic farm. Assuming that a cow can produce 1.7 tonne of dung per year, the volume of 
biogas that can be produced by the 2525 cows in Mauritius on a yearly basis is equal  
to 93,491.7 m3 which is equivalent to 2056.8 MJ (Tyagi, 1989). This can alleviate the 
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country’s budget upon imported fossil fuels. According to the Week-end newspaper 
(2013), the price of fuel oil has increased by 40% while the price of diesel has increased 
from $ 88 to $ 126 during the period of 2010 to 2012. This has consequently led to an 
increase of 6% and 6.7% in the prices of fuel oil and diesel, respectively in the country 
(Statistics Mauritius, 2012). Nevertheless, the use of locally produced biogas in the 
transportation sector can reduce the country’s dependence upon imported fuels and help 
stabilise the local economical state. Moreover, biogas production can help to ameliorate 
the social landscape of the country. The generation of biogas is a simple technology 
which can be exploited by the lay people. 

It can be concluded that the use of cattle waste and feed residues is an ideal waste 
management technique wherein the need for sending these resources to the landfill 
becomes redundant. They represent a considerable potential for the production of biogas 
and the waste produced from their AD can be applied as a fertiliser instead of using 
chemicals which are notorious for human health as well as for the environment. 
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Abstract: In recent years Greenhouse Gas (GHG) emissions released by 
aircraft engine and their contribution to climate change gained major 
importance among airlines operating across European Union member countries 
after the inclusion of the aviation sector in the European Union Emissions 
Trading Scheme (EU ETS). According to EU ETS, all intra-community flights 
became subject to GHG emission restrictions since the year 2012 with 
allocated annual carbon dioxide emission allowances that airlines will have to 
comply with. This research presents estimations of fuel consumption and 
carbon dioxide emissions among flight operations of aircraft used by largest 
European airlines in chosen flight routes of high daily passenger demand. 
Results show that some alternatives remain available for European airlines and 
some opportunities may emerge to reduce costs and increase revenues through 
enhanced engagement with air passengers towards a more environmentally 
friendly behaviour. 
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1 Introduction 

The reports of airlines, airports and previous research have shown that most of 
environmental impacts of aircraft come from the aircraft fuel consumption and its 
airborne emissions. In recent years, Greenhouse Gas (GHG) emissions released by 
aircraft engine and their contribution to climate change gained major importance among 
airlines operating across European Union member countries after the inclusion of the 
civil aviation sector in the European Union Emissions Trading Scheme (EU ETS). 
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It has been observed that total emissions controlled under the Kyoto Protocol fell in 
the European Union by 5.5% from 1990 to 2003; while in the same period, greenhouse 
gas emissions from international aviation increased by 73%, corresponding to an annual 
growth of 4.3% per year (Sperling and Cannon, 2009). Aviation produces around 2% of 
the world’s manmade emissions of carbon dioxide (CO2), according to the United 
Nations Intergovernmental Panel on Climate Change (IPCC, 2006). Moreover, it is 
responsible for 12% of CO2 emissions from all transport sources, compared to 74% from 
road transport (IATA, 2006). There has been massive investment in new technology and 
coordinated action to implement new operating procedures. However, as long as aviation 
grows to meet increasing demand, particularly in fast-growing emerging markets, the 
IPCC forecasts that its share of global manmade CO2 emissions will increase to around 
3% in 2050 (IPCC, 2006). 

IPCC points out that in terms of CO2 (g C per tonne-km), aviation emits 1 to 2 orders 
of magnitude more carbon than other forms of transport (IPCC, 1999). Air transport has 
limitations of cost and weight to compete in the transport of heavy goods but is still the 
most recommended alternative for transport of perishable freight and high-value goods. 

According to EU ETS all intra-community flights became subject to emission 
restrictions since the year 2012 with allocated annual emission allowances that airlines 
will have to comply with. This regulation entered into force despite of strong rejection by 
European and non-European airlines due to a threat of significant increases in costs with 
the acquisition of emission allowances or carbon credits to meet their annual emission 
allowances. Since then European commercial airlines have recognised an urgent need to 
restructure their flight operations in order to reduce their overall fuel consumption  
and CO2 emissions while increasing the amount of passengers and avoiding loss  
of competitiveness. Other relevant factors contribute additionally to an increasing 
importance assigned to aircraft engine emissions and possibilities of fuel savings such as 
the high and oscillating prices of aviation fuel observed in the last decade that affected 
significantly the financial performance of airlines. The efficiency of air transport has 
been improving steadily over time as airlines respond to high fuel costs, but at a much 
slower rate than travel growth. Thus, aircraft CO2 emissions have been rising rapidly 
(OECD/IEA, 2009).  

Medium-term mitigation for CO2 emissions from the aviation sector can potentially 
come from improved fuel efficiency. In summary, the initiatives taken by airlines to 
address this important issue are concentrated in: 

 Optimising fuel consumption (by minimising on-board mass, maximising efficient 
use of the cruising speed and improving engine maintenance procedures). 

 Replacing planes in existing fleets with more recent, fuel-efficient models. 

Additional initiatives are being discussed with airport service management in order to 
ensure optimised air traffic, more airport runways (fewer approach manoeuvres) and 
shorter taxiways. Moreover, in the past few years, airlines have been investing in new 
satellite-based Air Traffic Management (ATM) which has been proving to be more 
efficient by providing continuous descent arrivals and consequently, significant 
reductions in CO2 emissions per flight. In Europe, these initiatives are being extended to 
optimised air traffic with the ‘Single European Sky’ in which airspace management is 
planned to move away from the previous domination by national boundaries to the use of 
‘functional airspace blocks’ the boundaries of which will be designed to maximise the 
efficiency of the airspace (Commission of the European Communities, 2012). 
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Nevertheless, such improvements are expected to only partially offset the growth of 
CO2 aviation emissions. Furthermore, a complicating factor in developing a mitigation 
strategy for the aviation sector is the impact of other factors than just CO2 emissions on 
climate change. These factors include NOx compounds, ozone, methane, water, contrails 
and particles which are emitted from aircraft exhausts at the same time as CO2. The 
global warming effects of these factors in air travel have been investigated by several 
researchers in terms of the Radiative Forcing Index (RFI), which is the ratio of the total 
radiative Forcing (RF) of all GHGs to RF from CO2 emissions alone for aircraft 
emissions (IPCC, 1999). Radiative forcing is defined as the difference between radiant 
energy received by the Earth and energy radiated back to space. In 1992, the RFI for 
aircraft was estimated at approximately 2.7 with an uncertainty of at least ±1.5 
(Grossman et al., 2001). More recent estimations have updated the RFI figure to a value 
of 1.9, which has been considered the best estimate of RFI of aviation, excluding the 
probable but unproven effects of cirrus clouds (Johanson, 2003). 

Despite of the uncertainty involving the contribution of these factors in air travel to 
global warming, the benchmark for compliance of civil aviation sector to the EU ETS 
and the allocation of free emission allowances are based on the annual average of CO2 
emissions in the years 2004, 2005 and 2006 (baseline) and on independently verified 
tonne–kilometre activity data recorded by airlines throughout the 2010 calendar year. 

Some researchers have estimated and reported on emissions by aircraft engines in 
different flight phases, which provide a valuable support for the development of airlines 
benchmarks within the framework of EU ETS aviation directive (Dopelheuer, 2000; 
Rypdal, 2000; Jardine, 2009; Ross, 2009). Their findings can also be used by airlines to 
find more efficient alternatives to reduce their emissions based on fuel consumption and 
flight path designs. These researchers highlighted that most of environmental impacts of 
aircraft come from the consumption of kerosene and its airborne emissions; i.e. the fuel 
burn process. This is clearly the case of GHG emissions which in turn is largely 
represented by CO2 released at high altitudes during the cruise stage of flights (Komalirani 
and Rutool, 2012). Therefore, the most effective way to improve environmental 
performance of airlines facing climate change mitigation is to undertake initiatives that 
jointly contribute to reduction of aircraft emissions, particularly during the cruise stage. 
Previously, authors undertook research on sustainability reporting and management of 
airlines with an important emphasis placed on environmental performance and climate 
change mitigation (Jordao and Ben Rhouma, 2009). Other related research was connected 
to the contribution of impacts of civil aviation to climate change within a life cycle 
framework (Jordao et al., 2011; Jordao, 2013). 

In this study, an analysis of fuel consumption, CO2 emissions and related aggregated 
indicators is undertaken for the flight operations of different aircraft types used by three 
largest European airlines in selected hub-to-hub flight routes of short-haul, medium-haul 
and long-haul distances. Although there is not a common definition that distinguish flight 
length in terms of distance and time, a definition currently used by Deutsche Lufthansa 
AG is adopted in this study, which categorises the flights as follows: short-haul for less 
than 800 km, medium-haul between 800 and 3000 km, long-haul for more than 3000 km 
(Lufthansa Group, 2013). 

The three largest European airlines are chosen in terms of total passengers carried per 
year (IATA, 2012). These airlines are Deutsche Lufthansa AG, Air France (a subsidiary 
of the Air France-KLM group) and British Airways (a subsidiary of the International 
Airlines Group). 
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Firstly, a description of the methodological tiers of the Intergovernmental Panel on 
Climate Change for estimating emissions from flights is described as well as the method 
of the International Civil Aviation Organization (ICAO). Subsequently, the calculations 
of average fuel consumption and average CO2 emissions for a set of selected flight routes 
performed by largest European airlines are described. Results are presented in terms of 
the following parameters: 

 Fuel consumption per passenger 

 CO2 emissions per passenger and per passenger-kilometre 

 Revenues per CO2 emissions 

Results show that fuel consumption per passenger and CO2 emissions per passenger for 
each kilometre flown can vary significantly between the same origin and destination 
according to the total distance flown and total fuel carried, the type of aircraft and 
engines used, the seat configuration, the passenger load factor, among other factors. 
Therefore, despite the challenges faced by airlines to reduce the CO2 emissions in their 
flight operations, some alternatives remain available and some opportunities may arise to 
reduce operating costs and increase revenues and the yield through enhancement of 
engagement with air passengers towards a more environmentally friendly behaviour. 

2 A description of the methods used for calculation of fuel consumption 
and emissions from aircraft 

Every methodology available for calculating fuel consumption and emissions from 
aviation is based on certain assumptions and involves some degree of approximation and 
subjective decisions about boundaries of responsibility for emissions and the actors they 
should be assigned to. In order to be useful for identifying possible ways to mitigate 
impacts of a product or activity on climate change, a calculator methodology has to be 
simple to use, but based on high quality input data and sound modelling, while 
sophisticated enough to make every change in the system analysed noticeable in terms of 
calculated carbon emissions (Jardine, 2009). 

In this section, author initially explains the three methodological tiers of IPCC for 
estimating emissions from flights. Subsequently, the method of ICAO is described. Other 
methods exist such as the method of DEFRA, ClimateCare, Sabre Holdings, among 
others. Some discrepancies remain between calculators concerning the quality of the data 
sources, the assumptions made, the allocation of emissions and the use of multipliers. 
Nevertheless, the choice of the ICAO method was the most appropriate for the nature of 
this research due to its simplicity, accuracy and flexibility for improvements due to 
availability of input data provided by airlines considered and reports from IATA and 
ICAO. Moreover, the use of ICAO method within the conceptual approach of IPCC tier 
3A is seen as the most convenient for the calculations of previously listed parameters for 
a set of selected flight routes performed by largest European airlines. 

Commonly, emissions are calculated indirectly based on a known quantity such  
as fuel burned, or units of electricity consumed. In the case of analysis of aircraft 
contribution to climate change, fuel consumption during flight operations is the most 
important parameter to consider since fuel combustion is a stoichiometric chemical 
reaction and CO2 emissions can be directly related to that (e.g. 3.157 kg CO2/kg of jet 
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kerosene). Emissions resulting from the use of electricity are more complex to calculate 
as they depend on the mix of generating plant in the host country. Although fuel 
consumption per flight is not regularly monitored, it can be estimated based on certain 
assumptions and parameters. 

2.1 The three methodological tiers of IPCC for estimating  
emissions from flights 

Chapter 3 of 2006 IPCC Guidelines for National Greenhouse Gas Inventories proposes 
three methodological tiers for estimating GHG emissions from all civil commercial  
use of airplanes, particularly emissions of CO2, CH4 and N2O. In general, 90% of aircraft 
emissions occur at higher altitudes and only about 10% of aircraft emissions, except 
hydrocarbons and CO, are produced during airport ground-level operations and during 
the Landing and Take-Off (LTO) cycle. For hydrocarbons and CO, the situation is 
slightly different being 30% released during the LTO and 70% released at higher 
altitudes (FAA, 2004).  

All tiers distinguish between domestic and international flights, although Tiers 2  
and 3 provide more accurate methodologies to make these distinctions. Tier 1 is solely 
based on jet fuel consumption, while Tier 2 is based on fuel use and on the number of 
LTO cycles. Tier 3, on the other hand, takes into account the movement data of 
individual flights and offers two variants:  

 Tier 3A measures fuel use based on the origin and destination by aircraft type. 

 Tier 3B measures fuel consumption in a more sophisticated manner by considering 
full flight movements and engine data of each aircraft analysed. 

The choice of methodology depends on the type of fuel used, the availability of data and 
on the relative importance of aircraft emissions.  

Tier 1 provides a rough estimation of aggregate emissions for each GHG considered 
without discriminating the fuel consumption between LTO cycle and cruise stage. The 
Emission Factors (EF) used are the same, no matter the flight mode or phase. This simple 
method as highlighted by equation (1) can be applied only for domestic flights operated 
by small aircraft with aviation gasoline. For these cases, operational use data is typically 
not available. 

Emissions = fuel consumption * Emission factor  (1) 

Tier 2 method is only applicable for jet fuel use in jet aircraft engines. Operations of 
aircraft are divided into LTO (under 914 m) and cruise (above 914 m) phases. In this 
case, the number of LTO operations per aircraft type is a relevant data for calculations of 
emissions both in domestic and in international flights. The following steps are taken for 
calculation emissions according to Tier 2 method: 

Total emissions = LTO Emissions + Cruise Emissions   (2) 

where: 

LTO Emissions = Number of LTOs × Emission Factor LTO (3) 

LTO Fuel Consumption = Number of LTOs × Fuel Cons. per LTO  (4) 

Cruise Emissions = (Total Fuel Cons. – LTO Fuel Cons.) × EF at Cruise  (5) 
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In Tier 2 method, the fuel consumed in the cruise phase is estimated as the difference 
between total fuel used and the fuel used in the LTO phase of the flight. The estimated 
fuel use for cruise is multiplied by aggregate emission factors (average or per aircraft 
type) in order to estimate CO2 and NOx cruise emissions. On the other hand, emissions 
and fuel used in the LTO phase are estimated from statistics related to the number of 
LTOs (aggregate or per aircraft type) and default emission factors or fuel use factors per 
LTO cycle (average or per aircraft type). 

Tier 3A method is based on flight distances and on aircraft type. Average fuel 
consumption and emissions data for the LTO phase and various cruise phase lengths are 
considered for an array of representative aircraft categories. It can be realised through 
this method that aircraft use a higher amount of fuel per distance for the LTO cycle 
compared to the cruise phase. Therefore, fuel burn is comparably higher on relatively 
short distances than on longer routes. 

The EMEP/CORINAIR Emission inventory guidebook (EEA, 2002) which is 
annually updated by the European Environment Agency provides tables with emissions 
per flight distance. 

Tier 3B method is used to estimate fuel consumption and emissions throughout the 
full trajectory of each flight segment by means of specific aircraft and engine-related 
aerodynamic performance information. Sophisticated computer models can be used in 
this method for estimating output for fuel burn and emissions in terms of aircraft, engine, 
airport, region, and global totals, as well as by latitude, longitude, altitude and time 
(Pejovic, et al., 2008). Therefore, this method aims to calculate aircraft emissions from 
input data that is influenced by air-traffic changes, aircraft equipment changes, or any 
changes in the conditions of scenario proposed. Tier 3B models are used, e.g. in the 
System for Assessing Aviation’s Global Emissions (SAGE), by the United States Federal 
Aviation Administration (Kim et al., 2005; Malwitz et al., 2005); as in AERO2k (Eyers 
et al., 2004) by the European Commission.  

Table 1 summarises the data requirements for the calculations of aircraft emissions 
according to different tiers proposed by IPCC (2006). 

Table 1 Data requirements for calculations of aircraft emissions for each methodological tier 
proposed by IPCC 

Data, both domestic and international Tier 1 Tier 2 Tier 3A Tier 3B 

Aviation gasoline consumption x    

Jet fuel consumption x x   

Total LTO     

LTO by aircraft type  x   

Origin and Destination (OD) by aircraft type   x  

Full flight movements with aircraft and engine data    x 

2.2 The method of ICAO 

The International Civil Aviation Organization (ICAO) is an agency of United Nations 
responsible for setting standards and recommending principles and best practices 
concerning all aspects of international civil aviation including air navigation, to ensure 
safe and orderly growth as well as air accident investigation. 
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The ICAO Carbon Emission Calculator (ICAO, 2012) employs a distance-based 
approach to estimate the emissions per kilometre for every economy class passenger 
(hereinafter specified as ‘Y pax’) using data currently available on a range of aircraft 
types. Emissions are measured in terms of kg/Y pax.km. In order to implement this 
methodology, ICAO uses the best publicly available data regarding fuel consumption and 
continuously monitor and seek improvements and updates in the data used, in order to 
obtain better emissions estimation. The method requires few input information related to 
the flight concerned, such as aircraft type, flight distance, and the total number of 
economy equivalent seats. Additionally, it adopts industry averages for the other 
important parameters like Passenger Load Factor (PLF) and Passenger to Freight Factor 
(PFF).  

The calculations of CO2 emissions per economy equivalent passenger-kilometre can 
be performed as follows: 

CO2 per pax.km = 3.157 × (TF × PFF) / (Y-seats × PLF × flight distance) (6) 

where 3.157 is a multiplying emission factor as recommended by the revised 1996 IPCC 
Guidelines for National Greenhouse Gas Inventories. 

TF is ‘total fuel’ consumed for the flight distance performed. It represents the 
average amount of fuel consumed by all aircraft of equivalent type for each flight 
distance considered measured in nautical miles (nm). 

PFF is ‘passenger-to-freight factor’ which is the ratio calculated from ICAO 
statistical database based on the number of passengers and the tonnage of mail and 
freight, transported in a given route group. 

Y-seats mean ‘number of y-seats’ and represent the total number of economy 
equivalent seats available in the aircraft type considered. This value represents the 
maximum seat capacity the aircraft type considered can have if all seats available were 
configured for economy class (high-density seat configuration). 

PLF is ‘passenger load factor’ which is the ratio calculated from ICAO statistical 
database based on number of passengers transported and the number of seats available in 
a given route group. 

Flight distance corresponds to the Great Circle Distance (GCD) which is the 
distance between origin and destination airports and is derived from latitude and 
longitude coordinates originally obtained from ICAO Location Indicators database. 

The fuel burn to flight distance relationship is interpolated from the CORINAIR table 
(EEA, 2006), while PLF and PFF correspond to traffic data per route group updated by 
ICAO and economy class (Y) seat capacity is given by aircraft manufacturers and 
airlines. 

Although some of these factors cannot be captured on a flight-specific basis, this 
methodology considers them at least on average values to show the public and the 
aviation industry how they affect an individual passengers’ emission intensity. The 
method recommends airlines to provide more robust data to the fuel consumed on their 
operated flights, to their cargo factor, to their PLF as well as to aircraft configuration. 

2.3 The use of ICAO method within the conceptual approach of IPCC  
tier 3A for calculations per chosen flight routes performed by  
largest European airlines 

Estimations were conducted for the flight operations of different aircraft types used by 
three largest European airlines in selected hub-to-hub flight routes of short-haul, 
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medium-haul and long-haul distances. An airline hub is an airport that an airline uses as a 
transfer point to get passengers to their intended destination. In this analysis, the ICAO 
method as previously described was used within the conceptual approach of IPCC tier 3A 
with a GCD correction factor as later explained in this section. The results from these 
calculations performed are presented in the following section for verifying the validation 
of the following research questions:  

Research question 1: do short-haul flights offer more opportunities for airlines in 
reduction of fuel consumption and CO2 emissions than medium- and long-haul flights?  

Research question 2: is wide body aircraft (commercial aircraft with two aisles) 
preferentially recommended for short-haul routes with high passenger demand in order to 
reduce fuel consumption and CO2 emissions? 

Research question 1 as proposed by author is based on previous studies conducted by 
other researchers which showed that most significant opportunities in carbon emission 
reductions are available on short-haul flights for high density routes (Lu, 2009; Givoni 
and Rietveld, 2010; Scheelhaase et al., 2010). In short-haul routes with high demand, the 
possibilities of savings in fuel consumption and consequently in the reduction of carbon 
emissions are greater since airlines tend to reduce the size of the aircraft used for each 
flight to keep load factors high. 

Table 2 presents the flight routes chosen by author and the competing airlines that are 
compared in each of them in terms of fuel consumption and CO2 per passenger-km. 

Table 2 Flight routes chosen by author and competing airlines considered 

Flight Category Route (route group) Distance (GCD) Airlines 

1 Short-haul LHR–CDG (within Europe) 347.92 km BA, AF 

2 Short-haul LHR–FRA (within Europe) 655.61 km BA, LH 

3 Short-haul CDG–FRA (within Europe) 448.18 km AF, LH 

4 Medium-haul LHR–DME (within Europe) 2552 km BA 

5 Medium-haul FRA–DME (within Europe) 2055.72 km LH 

6 Medium-haul CDG–SVO (within Europe) 2461.31 km AF 

7 Long-haul LHR–JFK 
(Europe–North America) 

6391.25 km BA 

8 Long-haul FRA–JFK 
(Europe–North America) 

6204 km LH 

9 Long-haul CDG–JFK 
(Europe–North America) 

6732.02 km AF 

Note: Great Circle Distance (GCD) as calculated from ‘Great Circle Mapper’ by  
Karl L. Swartz (2013). 

Since this study deals with flights offered by Lufthansa (LH), Air France (AF) and 
British Airways (BA), the hub airports selected are: Frankfurt International airport 
(FRA), Paris Charles de Gaulle International airport (CDG) and London Heathrow 
International airport (LHR). Other large airports such as Moscow Domodedovo (DME), 
Moscow Sheremetyevo (SVO) and New York John Kennedy International airport (JFK) 
are added for analysis and comparison of medium-haul flights and long-haul flights 
performed by these largest European airlines considered.  
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It is important to consider a correction factor to the GCD in order to include the 
emissions of distance flown in excess of the GCD, stacking, traffic and weather-driven 
corrections. In fact, the actual distance flown compared with GCD that is given in the 
scheduled flights timetable may vary up to 11% in Europe (ANCAT, 1998). The ICAO 
method suggests the following GCD correction factor as shown in Table 3 (ICAO, 2012). 

Table 3 GCD correction factor due to stacking, traffic and weather-driven corrections 

GCD Correction to GCD 

Less than 550 km +50 km 

Between 550 km and 5500 km +100 km 

Above 5500 km +125 km 

The result of this analysis aims to identify opportunities to carry the same amount or even 
a greater amount of air passenger per day, while consuming less fuel and releasing less 
CO2 emissions. This can be achieved basically by using less aircraft and maintaining a 
high PLF or operating newer and more fuel efficient aircraft. Whenever such opportunity 
becomes a reality, it may be expected that airlines will not only increase PLF but also the 
revenues per CO2 emissions. When such analysis is undertaken by various airlines, it 
becomes possible to benchmark their flight services over time and report progress. 

In the initial steps of these calculations, author made a booking simulation in the 
website of airlines considered and consulted the aircraft types used by each airline for 
each flight route and their respective daily frequencies. Subsequently, the available seat 
capacity and seat configuration of each aircraft used by airlines in each flight route was 
obtained from the website of SeatGuru (2001). Based on these data, it was possible to 
estimate the maximum amount of passengers carried per day by each airline for each 
flight route and for each seat class offered. The coefficients adopted for each seat class 
were calculated based on the area occupied by each seat in the aircraft by multiplying the 
reported measurements of pitch and width of each seat. A coefficient equal to 1 was 
assigned to economy class seats and the areas occupied by seats in other classes were 
presented in relation to the area of a single seat in economy class, thus providing 
different coefficients. Finally, average PLF reported by each airline for each route group 
was considered in order to estimate the average daily amount of air passengers 
transported by airlines in each aircraft and seat class offered. The average fuel 
consumption to flight distance considered for each aircraft type was interpolated from the 
CORINAIR fuel consumption table presented at the EMEP/CORINAIR Emission 
Inventory Guidebook (EEA, 2006). 

Table 4 presents an example of data collected for this purpose with the aircraft types 
used by British Airways and their respective daily frequencies for the flight route from 
LHR to CDG, as well as their respective seat capacity and seat configuration (British 
Airways, 2013; SeatGuru, 2013). The average daily amount of passengers in each aircraft 
and seat class was estimated based on the average PLF of 74.6% reported by British 
Airways for flights operated within Europe. 

Table 5 specifies the aircraft types and the average fuel consumption per distance 
flown as provided by CORINAIR database (EEA, 2006). It can be noted that CORINAIR 
database provides the same fuel burn rate for A319, A320 and A321, although A321 is a 
larger and heavier aircraft than the former ones, which in turn results in more fuel 
consumption for the same distance flown (Aircraft Commerce, 2006).  
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Table 4 Aircraft types, seat configuration and frequency of flight offered by British Airways 
for flight route LHR–CDG 

Aircraft  
types 

Seats Seat  
class 

Comparison Daily  
availability 

Duration Daily  
pax 

Daily  
max 

A319-100 
48 Business 1.1 

3 1h15 
107 144 

78 Economy 1.0 175 234 

A320-200 
15 Business 1.1 

3 1h15 
34 45 

137 Economy 1.0 307 411 

A321-200 
15 Business 1.1 

1 1h15 
11 15 

169 Economy 1.0 126 169 

Table 5 Average fuel consumption rate per distance flown in nautical miles for each aircraft 
type used by British Airways 

Aircraft Item 
Distance flown measured in nautical miles 

125 250 500 750 1000 1500 2000 2500 

A319 
A320 
A321 

Fuel consumption (kg) 1644 2497 3661 4705 6027 8332 10866 13441 

Fuel cons. Coef. 6.82 4.65 4.18 5.29 4.61 5.07 5.15 5.38 

The UK Department for Environment, Food and Rural Affairs (DEFRA) also adopts the 
same aircraft mapping table (Watterson et al., 2004). Distance flown is converted from 
nautical miles to kilometres by multiplying by 1.852. Considering the great circle 
distance between LHR and CDG being of 347.92 km (187 nm), a correction factor of  
50 km (27 nm) was added to account for the distance flown. Thus, flight distance was 
estimated at 397.92 km (214.86 nm). 

Figure 1 represents the fuel burn rate per distance flown in kilometres for A320, 
A319 and A321 according to EMEP/CORINAIR Emission Inventory Guidebook (EEA, 
2006). 

Figure 1 Average fuel consumption rate per distance flown for Airbus A320 
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For the estimation of fuel consumption in the flight distance of 214.86 nm, a coefficient 
of 6.82 was used by interpolation between the known values at distances 125 nm and  
250 nm and multiplied by the difference between estimated flight distance (LHR–CDG) 
and the first inferior flight distance known from CORINAIR database (125 nm). 

This value was then added by the fuel consumption at distance of 125 nm.  
Equation (6) clarifies the calculation: 

Fuel consumption = 6.82 × (214.86 – 125) + 1644.39 (6) 

Total fuel consumption for a flight operated by e.g. A320 in the flight route LHR–CDG 
was then estimated at 2257.52 kg. 

Taking in account that British Airways offers seven daily flights as seen in Table 4 
with roughly the same fuel consumption rate, the daily fuel consumption was estimated 
at 15,803 kg. The daily CO2 emissions can then be calculated by multiplying this value 
by an emission factor of 3.157 as shown in Table 5. 

Considering the average daily amount of passengers transported by British Airways 
in this flight route and the average daily amount of CO2 emissions, it was possible to 
estimate the daily average CO2 emissions per passenger. Moreover, by knowing the PLF 
of each airline considered for each flight route as shown in Table 2, their average prices 
of flight tickets charged per seat class in this flight route and the seat configuration of 
each aircraft used, it was possible to estimate the average daily revenues for each 
competing airline and the ratio revenues (measured in €) per kg of CO2 emissions. These 
values are presented in the next section. Then, by assuming the average daily demand of 
passengers per seat class, author has analysed if there was any possibility to change the 
amount of each aircraft type offered per day in order to reduce the daily fuel consumption 
and consequently, the daily CO2 emissions resulting from their flight operations in this 
route. The same analysis was applied to the most competing airline in the same flight 
route and also to other flight routes chosen as shown in Table 2. 

For each flight route chosen, it was calculated the average fuel consumption and CO2 
emissions per passenger-kilometre for each seat class in each aircraft type used by three 
largest European airlines. The coefficients for each seat class considered per aircraft type 
offered was estimated as previously explained in this section. In fact, these coefficients 
can be for first class seats or business class seats three times as high as the coefficient for 
economy class seat for flights operated with B747-400 and B777-200 by British Airways 
between LHR and JFK. 

3 Results of calculation of average fuel consumption and GHG emissions 
per chosen flight routes performed by largest European airlines 

Initially, author calculated the average amount of fuel consumption and CO2 emissions 
per day by each competing airline for each flight route considered. After estimating the 
average daily amount of passengers, author analysed if there might be another 
combination of aircraft deployed by each airline in order to meet the passenger demand 
while reducing the overall fuel consumption and consequently also reduce the CO2 
emissions. The recommendations by author respected the availability of aircraft by 
airline for each flight route and mainly considered the possibility of using less aircraft per 
day of certain types, such as e.g. A319 which is less efficient in terms of fuel burnt per 
passenger-kilometre. Whenever such possibility was identified, author named the 
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recommended deployment of aircraft as ‘best scenario’ and compared the overall daily 
fuel consumption and CO2 emissions with those estimated under the current deployment 
of aircraft (current scenario). 

Table 6 presents the results of this initial analysis related to the comparison of 
average daily fuel consumption and CO2 emissions among the current and the best 
scenario. Flights are categorised by short-haul, medium-haul and long-haul as previously 
explained. Results serve to answer research question 1. 

Table 6 Comparison in daily fuel consumption and CO2 emissions for each flight route 
between the current scenario and the best scenario 

   
Fuel consumption 

(kg) 
CO2 emissions  

(kg)  

Airline Flight route Category Current 
scenario

Best  
scenario 

Current 
scenario 

Best  
scenario 

%  
Reduction 

British 
Airways 

LHR–CDG Short-haul 14,513 10,366 45,818 32,727 29% 

LHR–FRA Short-haul 23,099 17,887 72,925 56,470 23% 

LHR–DME Medium-haul 60,300 42,885 190,366 135,389 29% 

LHR–JFK Long-haul 510,377 446,344 1,611,261 1,409,108 13% 

Lufthansa 

FRA–CDG Short-haul 29,329 21,984 92,590 69,405 25% 

FRA–LHR Short-haul 35,828 26,831 113,108 84,706 25% 

FRA–DME Medium-haul 26,137 26,137 82,515 82,515 0% 

FRA–JFK Long-haul 447,031 447,031 1,411,277 1,411,277 0% 

Air 
France 

CDG–LHR Short-haul 15,457 11,041 48,798 34,855 29% 

CDG–FRA Short-haul 17,099 14,656 53,981 46,270 14% 

CDG–SVO Medium-haul 37,719 30,175 119,078 95,263 20% 

CDG–JFK Long-haul 301,635 301,635 952,263 952,263 0% 

It can be noted among flight routes considered that short-haul flights do offer more 
significant potential for reduction in daily fuel consumption and CO2 emissions. For 
airlines considered the potential reduction in the chosen short-haul flight routes varied 
from 14% up to 29% but in general showed an average potential reduction of 24%. In the 
chosen medium-haul flight routes the potential reduction varied from 0% to 29% and 
thus presented an average potential reduction of 16%. On the other hand, long-haul flight 
routes offer a much lower potential for reduction in fuel consumption and CO2 emissions 
varying from 0% up to 13% with an average reduction of 4%. This is due to the fact that 
these flights are operated by wide body aircraft and with a high average PLF. Thus, there 
are usually few opportunities to reduce fuel consumption and CO2 emissions by 
redefining the deployment of aircraft for these flight routes. 

Nevertheless, the greater potential for reduction in daily fuel consumption and CO2 
emissions may be valid only for short-haul flight routes with high daily passenger 
demand that is currently being met with seven aircraft or more. In short-haul routes with 
high demand, the possibilities of savings in fuel consumption and consequently in the 
reduction of carbon emissions are greater since airlines tend to reduce the size of the 
aircraft used for each flight to keep load factors high. It can be observed that considering 
the current average PLF for these short-haul flight routes, airlines could transport all  
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air passengers by using less aircraft per day; but they may not decide to take such 
measure due to the threat of loss in market share resulting from the loss of airport  
slots to competition. Landing slots or Airport slots are rights allocated to an entity by an 
airport, government or independent agency granting the slot owner the right to schedule a 
landing or departure during a specific time period. However, in the point of view of  
fuel efficiency, commitments with CO2 emission reductions within the EU ETS and 
profitability these airlines are in general offering more flights per day in the short-haul 
flight routes considered than they were supposed to.  

Subsequently, a comparison was made for short-haul flight routes chosen among the 
current deployment of aircraft and an alternative deployment of aircraft considering the 
use of wide body aircraft (commercial aircraft with two passenger aisles) together with 
narrow body aircraft (commercial aircraft with single aisle). This was done to answer the 
research question 2. 

Calculations of fuel consumption were performed using the ICAO method for various 
aircraft types per kilometre for each economy-equivalent passenger by taking into 
account the inputs of each airline and flight route considered as previously explained. By 
means of this indicator, it has been found that among aircraft types considered the only 
narrow body aircraft that has lower fuel-efficiency than wide body aircraft is A319. 
Other narrow body aircraft listed in that table have a lower fuel consumption per 
passenger-kilometre than all wide body aircraft considered. Therefore, the use of wide 
body aircraft as proposed in research question 2 can only be recommended for short-haul 
flight routes with high daily passenger demand that are currently being met only with 
aircraft A319. That is not the case for most of short-haul flight routes analysed in this 
research except the flight route CDG-FRA that is currently performed by Air France with 
seven daily flights operated by A319. For this reason, author estimated only in this flight 
route the potential daily reduction in fuel consumption and CO2 emissions with the use of 
a wide body aircraft as shown in Table 7. Alternative 1 as shown in Table 7 offers a 
potential daily reduction of 31% in these indicators when deploying two aircraft A319 
and one aircraft B777. An additional alternative considering the deployment of three 
aircraft A321 and only one aircraft A319 would result in even more significant 
reductions in daily fuel consumption and CO2 emissions in the range of 43%. The aircraft 
A321 can carry more passengers than A319 but is also a narrow body aircraft. Both 
alternatives however may face strong resistance by flight planners of airlines considered 
due to the issues involving market share and airport slots. Moreover, a wide body aircraft 
require longer check-in and boarding times as well as longer time for baggage handling 
which may cause discomfort among air passengers who can choose other alternatives of 
short-haul flights in smaller aircraft that would incur in saved time.  

Table 7 Potential reductions in fuel consumption and CO2 emissions with deployment of wide 
body aircraft 

Key indicators Current scenario 
7×A319 

Alternative 1 2×A319 
1×B777 

Alternative 2 3×A321 
1×A319 

Fuel consumption (kg) 17,099 11,779 9,771 

CO2 emissions (kg) 53,981 37,186 30,846 

Percentage reduction 31% 43% 
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Table 8 presents for all airlines and flight routes considered the estimations of relevant 
indicators such as the average daily revenues generated from the ticket sales by each 
competing airline and the ratio daily revenues per CO2 emissions (measured in €/kg), 
among others. It can be noted that the most relevant differences in terms of daily CO2 
emissions per passenger and revenues per CO2 emissions are observed in the comparison 
among daily flights offered by British Airways, Lufthansa and Air France between their 
respective hub airports and Moscow Domodedovo (DME) and Moscow Sheremetyevo 
(SVO).  

Table 8 Daily key indicators for comparison among most competing airlines in each flight 
route chosen 

Airline Flight route Daily 
pax 

Daily CO2 
emissions (kg)

Daily 
revenue (€)

Daily CO2 
emissions/pax 

Revenues /CO2 
emissions (€/kg) 

British 
Airways 

LHR–CDG 759 45,818 103,212 60 2.25 

LHR–DME 587 190,366 359,608 324 1.89 

LHR–FRA 684 72,925 119,944 107 1.64 

LHR–JFK 2,294 1,611,261 1,136,341 702 0.71 

Air 
France 

CDG–SVO 590 119,078 215,930 202 1.81 

CDG–LHR 865 48,798 94,373 56 1.93 

CDG–FRA 678 53,981 48,792 80 0.90 

CDG–JFK 1,224 952,263 803,367 778 0.84 

Lufthansa 

FRA–CDG 1,465 92,590 208,184 63 2.25 

FRA–DME 427 82,515 223,235 193 2.71 

FRA–LHR 1,465 113,108 190,049 77 1.68 

FRA–JFK 1,650 1,411,277 1,144,420 855 0.81 

It is important to remark that while the highest level of CO2 emissions per passenger was 
estimated for British Airways in the flight route LHR–DME (324 kg/pax) the highest 
daily revenues per CO2 emissions was calculated for Lufthansa in the flight route FRA–
DME (2.71€). For the flight route CDG–SVO, Air France presents the lowest daily 
revenues per CO2 emissions (1.81€) and the second lowest level of CO2 emissions per 
passenger (202 kg/pax). For short-haul flights considered the differences among airlines 
are not so significant except in the comparison between British Airways (BA) and 
Lufthansa (LH) in the flight route LHR–FRA, where daily CO2 emissions per passenger 
estimated for BA is 38% higher than the amount calculated for LH. On the other hand, 
daily revenues per CO2 emissions are very similar in both cases. For long-haul flights 
from Europe to JFK, the differences in both indicators vary between 11% and 22%. 

Subsequently, both PLF and seat configuration were used among other parameters  
as recommended by ICAO method to provide calculations of fuel burnt and emissions  
in terms of passenger-kilometre. Calculations were performed for all short-haul, medium-
haul and long-haul flights considered among three largest European airlines as 
highlighted on Table 2. However, only the most relevant differences are illustrated in this 
paper. The differences regarding these aggregate indicators are more significant for long-
haul flights where differences in space between seats in business class and economy class 
become relevant and even in some aircraft first class seats are available. Still, the  
 



   

 

   

   
 

   

   

 

   

    Analysis of fuel efficiency of largest European airlines 267    
 

    
 
 

   

   
 

   

   

 

   

       
 

difference in terms of CO2 emissions per passenger-kilometre can be in the range of 
almost 50% among short-haul flights offered by the same airline such as British Airways 
for LHR to CDG when comparing the results performed by A319 with the results 
performed by A321. 

The highest value observed (First class B777 by Air France) as illustrated in Figure 2 
is five times higher than the lowest value (economy class B777 by British Airways) in 
the long-haul flight routes LHR–JFK (British Airways) and CDG–JFK (Air France). 
Even when comparing only these values among economy class passengers, the highest 
value (economy class A330 by Air France) is twice higher than the lowest value. The 
distance flown from LHR to JFK is about 6391 km and from CDG to JFK is about 6732 
km (measured in terms of great distance circle as explained in chapter 7). Therefore, 
there is only about 341 km of difference in distance flown among these flight routes. 

Figure 2 Comparison of carbon dioxide emissions per passenger-kilometre between aircraft used 
by British Airways and Air France in daily flights from their hub airports to JFK 

 

4 Conclusions 

Results show that despite of increasing pressure on airlines based in Europe to reduce 
their CO2 emissions, some alternatives remain available for these airlines also  
during their flight operations where most of CO2 emissions are released. Moreover,  
some opportunities may emerge to reduce costs with fuel consumption and emission 
allowances and increase revenues through enhanced engagement with air passengers 
towards a more environmentally friendly behaviour. 
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Results show that more opportunities for airlines in reduction of fuel consumption 
and CO2 emissions are available for short-haul flights than medium- and long-haul flights 
due to the fact that short-haul flights are offered with higher daily frequency, lower 
average passenger load factor and a wider range of aircraft types used. 

Previous research from other authors have only compared the environmental impact 
from the operation of large (wide body) and small (narrow body) aircraft on short haul 
routes in terms of two aircraft types such as A320 and B747 (Givoni & Rietveld, 2010) 
for few selected flight routes. It has shown that increasing aircraft size, switching from an 
A320 (150 seats) fleet to a B747 (524 seats) fleet and adjusting the service frequency to 
offer similar seating capacity will increase local air pollution but decrease climate change 
impact. When these impacts were monetised and aggregated the analysis showed that 
environmental benefits will result.  

The current study analysed a wider array of narrow-body and wide-body aircraft 
types that are currently operated by largest European airlines. Results showed that for 
flight routes considered, a wide body aircraft can only be recommended for short-haul 
flight routes with high daily passenger demand that are currently being met only with 
aircraft A319. Even when the appropriate conditions are met in terms of passenger 
demand and availability of aircraft by airline there are other important aspects that may 
undermine the use of wide body aircraft in short-haul flights, such as:  

 The lack of infrastructure in some airport to provide an efficient boarding procedure 
and avoid major delays in flight routes that are frequently performed by air 
passengers on business purposes. 

 The need of more regular maintenance and reduction in the lifespan of wide body 
aircraft due to the significant increase in the amount of landing and take-off cycle to 
be performed in short-haul flights.  

Although the method of IPCC tier 3A combined with ICAO method seem to be the most 
applicable approach for obtaining an overview of the differences between airlines in 
terms of fuel consumption and CO2 emissions on a daily basis, there are still important 
improvements that can be done by acquiring more specific and updated input data for the 
calculations. In fact, for every aircraft type flying from the same origin airport to the 
same destination airport, there might be considerable differences in terms of fuel 
consumption and CO2 emitted per passenger depending on the type of jet engines used, 
the real flight distance, passenger load factor, seating configuration, among others. 
Anyway, all results obtained and presented from this analysis can serve as an inspiration 
for an optimised reorganisation of aircraft fleet that may contribute to substantial CO2 
emissions reduction by airlines. 
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