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Abstract 

 Incineration plants in UK carry out two important tasks: reduction of waste disposed to landfills, and power/heat production 
from waste incineration distributed to the grid. However, incinerating waste produces, except for desirable outputs like exported
power, harmful emissions, too. In this work, a DEA/Goal Programming model is presented to assess the performance of each 
incineration plant. Data from 22 incineration plants have been collected regarding capacity (waste and power), power exported, 
annual availability and levels of harmful emissions. The proposed model provides an allocation of the examined incineration 
plants, by shutting down a plant if it doesn’t meet environmental targets. Additional constraints are considered regarding levels of 
power exported and annual availability. The model is solved for multiple scenarios regarding the number of incineration plants 
that will be eventually installed. Results are provided regarding the optimal allocation of each incineration plant and the optimal 
values of under and over achievement of each environmental target. Additionally, a comparative analysis is conducted on the 
scores derived from the proposed method and DEA models that handle both desirable and undesirable outputs. No differences 
between the two rankings are derived by applying statistical analysis. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the organizing committee of 5IconSWM 2015. 
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1. Introduction 

 A total of 170 million tonnes of waste is produced from households and businesses in England and Wales each 
year [ Sambrook L, 2015.]. There are multiple ways of handling and treating municipal waste. These are: a) 
landfilling, b) mass burn with energy/heat recovery, c) waste recycling and finally d) waste composting [ 
Daskalopoulos E, et al, 1998]. Regarding landfilling, a waste reduction has been reported in years 2005 – 2006. This 
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waste reduction in UK over the past years is partly ought to Directive 1999/31/EC [ Directive C. DIRECTIVE 1999],
which imposed regulations and set targets regarding biodegradable municipal waste. An alternative way of reducing 
waste is by incinerating it. With municipal waste incineration, there are benefits (power export, heat produced) but 
also undesirable excipients (harmful gas emissions, bottom ash etc). However from bottom ash, ferrous and non-
ferrous products can be derived. Concentrating mostly on the hazardous gas emissions from municipal waste 
incineration, several studies are presented which provide information regarding concentrations of gas emissions. 
Thus, it has also been reported that municipal waste incineration can help in greenhouse gas (GHG) emissions 
reduction, under specific conditions [ Papageorgiou A et al, 2009]. Except for the contribution in GHG reduction, 
during incineration procedure for power/heat production, it has been reported that polychlorinated biphenyls (PCB) 
and polycyclic aromatic hydrocarbons (PAH) are emitted [ et al, 2003]. Life cycle analysis (LCA) is also another 
tool of assessing environmental impact of wastewater [ Gallego A, et al, 2008] and MSW facilities [ Zografidou E, 
et al, 2015].

2. Methodology 

 The need to assess incineration plants is of great significance as multiple characteristics must be taken into 
account. One of the methods that handle this multi-dimensional analysis is Data Envelopment Analyis (DEA). 
However, as DEA is a methodology that provides efficiency scores based on pre-determined inputs and outputs, 
information regarding the performance and each Decision Making Units (DMUs) is extracted. Integrating Goal 
Programming (GP) and DEA, decisions regarding not only efficiency assessment, but also regarding the selection 
(or not) of a DMU is possible, setting goals modeling multiple aspects of the problem (economic, environmental, 
social etc). [8].

 In this paper a hybrid GP/DEA model is presented. The model integrates binary variables in order to 
demonstrate which incineration plant is selected based on environmental and operational targets. The proposed 
model is based on an existing GP/DEA model [Izadikhah M, et al, 2003] and extends its features by providing 
additional information to Decision Maker (DM). The proposed GP/DEA model selects the entities (DMUs) based on 
a selection of environmental goals and operational constraints. This characteristic allows the model to examine the 
DMUs (in this case incineration plants) that over or under perform based on the goals. 

 The data used in this paper are derived from environmental agencies and papers published in the relevant 
literature and are selected to capture model environmental, capacity and operational characteristics of each 
incineration plant. The production process that is assumed in this case is that based on waste and power capacity of 
each incineration plant, exported power and harmful gasses and particles are emitted. Also, annual availability of 
each plant is taken into account, even if, it is not part of the production process.Decision variables are considered in 
this model in order to select those incineration plants, and eventually the number of incineration plants that must 
operate in order to satisfy environmental constraints, and to maintain the power exported to the grid. As these two 
characteristics (power produced and harmful gas emissions) are linearly dependent (i.e. the more power generated, 
the more the environmental pollution) and are therefore taken into account in the form of goals (for gas emissions) 
and of constraints (for power generated). Annual availability is considered also in this model, as based on statistical 
analysis, the more the annual availability is independent from power exported to the grid. Scenarios regarding the 
number of possible facilities that will be selected are also conducted. 

 With the proposed formulation, it is possible to evaluate and eventually select that incineration plant that 
satisfies a series of data that are defined in advance from the DM. Due to the flexibility of GP modeling, it is 
possible to incorporate, except for straightforward data for technical, economic and environmental characteristics of 
each incineration plant, data regarding people’s opinions and views towards these plants.  

2.1 Mathematical Formulation  
 
2.1.1 Nomenclature 
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Table 1. Indices, variables and parameters of the proposed model 

Index 

1,...,j n DMU (Incineration plant) 

1,...,r s Outputs 

1,...,i m Inputs 

1,...,E Scenarios

Variables 

j
Peers of incineration (DMU) j

ˆ
j

Auxiliary variable for linearization of bilinear term j j

j
1 if incineration  plant is selected, 0 otherwise 

Auxiliary binary variable for disjunction of constraints 

rd Under achievement of target r

rd Over achievement of target r

Parameters 

,

und
r jy Undesirable output r of  DMU j

,i jx Input i of  DMU j
und
rG Goal for undesirable output r

jPE Power exported of incineration plant (DMU) j (KWh) 

jAV Annual availability of incineration plant (DMU) j  (%) 

2.1.2 Model description 

 Economic systems entail production processes; assuming that 1,...,i m  inputs are consumed to produce 
1,...,r s outputs, then the following DEA models are used in order to assess the efficiency of the entities that are 

examined (DMUs). Focusing only on envelopment models, the following Linear Programming (LP) formulations 
are input or output oriented DEA models [ Charnes A, et al , 1984;  Charnes A, et al, 2981]:  

Table 2. Input (a) and output (b) oriented DEA models 

1

1

m in  

. .

0 ,  1, ...,

n

ij j io
j

n

r j j ro
j

j

s t

x x

y y

j n
free

1

1

max  

. .

0,  1,...,

n

ij j io
j

n

rj j ro
j

j

s t

x x

y y

j n
free

 (a)  (b)

 Models presented in Table 2 (a) and (b) are the conventional DEA models. The outputs are treated all as 
desirable. However, every economic entity may produce undesirable outputs by consuming inputs. In the present 
study, incineration plants produce, among desirable outputs, undesirable outputs as well. During the incineration 
procedure, municipal waste is consumed producing power but also harmful gas emissions. The DEA model that 
assesses a production procedure based on desirable and undesirable outputs is presented with the following LP 
formulation [Sueyoshi T, et al, 2011][Sueyoshi T, et al, 2010][Sueyoshi T, et al, 2011].
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max 
s.t. 

, ,
1

,  1,...,
n

j j i o j
j

x x i m

1 1, , 1 1
1

1 ,  1,...,
n

des
j j r o r

j

y y r s

2 2, , 2 2
1

1 ,  1,...,
n

undes
j j r o r

j

y y r s

0,  1,...,j j n
free

(1) 

 In DEA model (1), a DMU is considered efficient if * 0 . However, DEA models assess the production 
process based on a number of given datasets for inputs and outputs. Real world problems generally have more than 
one objective, based on which criteria are optimized (maximized or minimized). Goal Programming (GP) models 
are generally used in order to such problems. A typical GP model is formulated as follows: 

1 2 3

1

1

min  

. .

        +

       

        0,  

K

k k
k

K

k k
k

k

w w w
s t

a x G

a x b

x k

(2) 

 In formulation (2), slack variables are minimized in the objective function according to the direction of each 
goal. The flexibility of this formulation provides decisions for variables regarding location – allocation models, 
based on several criteria (social, economic, environmental etc). The methodology used in this paper, is a hybrid 
DEA/GP model [9]. With this combination, the inputs and outputs are utilized, while each combination of 
incineration plants is examined with the GP approach. The resulting model is a MILP mathematical programming 
model and is presented in formulation (3). In this model, the aim is to minimize the slack variables that over 
estimate the goals of undesirable outputs; in this case, these undesirable outputs concern harmful gas emissions. The 
first set of constraints are introduced to model the goals for undesirable outputs; the second set of constraints, 
concern the inputs. In both cases, a binary variable is introduced in the model, examining only those DMUs, which 
satisfy constraints third or fourth set of constraints. Binary variable  is introduced to model the disjunction 

1 1

n n
U U

j j j j
j j

PE PE AV AV (either power exported or annual availability of each incineration plant should 

be over a specific threshold). Parameters 1M  and 2M  are sufficient upper bounds of each constraint. 

 As it can be seen from Figure 1, parameters for power exported and annual availability have very low 
correlation ( 0.10p  ); thus, DMUs should be selected on one of the two parameters as the more the annual 
availability does not imply more power exported to the grid. 

 Fifth constraint guarantees Variable Returns to Scale (VRS) technology for the selected DMUs while sixth and 
seventh constraints are introduced to bound the number of selected DMUs in the range of , K .
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Fig. 1. Scatterplot and boxplot for power exported and annual availability 

0

1

,
1

, ,
1

1

1

2

1

1

min 

..

        , 1,...,

        , 1,...,

1          

        1    

s
r
und

r r

n
und und

j j r j r r r
j

n

j j i j i j
j

n
U

j j
j

n
U

j j
j

n

j j
j

d
G

st

y d d G r s

x x i m

PE PE M

AV AV M

1

1

        

        

        0,1 , 

        0,1 ,

        0, 1,...,

n

j
j

n

j
j

j

j

K

j n

(3) 

 Due to the existence of bilinear terms (product of binary and continuous variable), model (3) is a Mixed Integer 
Non – Linear Programming (MINLP) model. In order to avoid any local optima (due to existence of a non linear 
model), the following constraints are introduced. Triplets of constraints (4) – (6) are introduced to linearize bilinear 
term ( ). 

ˆ 0,  1,...,j j jM j n (4) 
ˆ 0,  1,...,j j j n (5) 

ˆ ,  1,..,j j j j jM M j n (6) 

 In linearization constraints (4), (6) the upper bound of  value ( jM ) is 1. Model (3) is formulated, based on (4) 

– (6) as follows: 

 In order to evaluate all possible combinations of DMUs, constraints that bound the number of selected DMUs 
change, leading to different scenarios. Scenarios for upper bounds are introduced, leading to formulation (8). In this 
case, 10 scenarios are introduced for the maximum number of selected DMUs; namely 1 22K , 2 21K ,…, 9 14K ,
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10 13K . The minimum number of incineration plants ( ) is defined as 13. Thus, for 10  constraints 
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(7) 

3. Conclusions 

 In this work, a hybrid GP/DEA model is presented. The ability of DEA technique to consider inputs and outputs 
is utilized to provide a performance measurement model of each incineration plant. The presented formulation aims 
at the reduction of the examinedfacilities that exceed the environmental targets set but satisfy the constraints of 
power exported and annual availability. 
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(8) 

 The basic idea of not setting power exported and annual availability in GP constraints is that the more each 
incineration plant works and the more power is exported to the grid, the more emissions are generated. The resulting 
model is a MILP model, with decision variables about which incineration plant satisfies the environmental targets 
and remains open, and the peers of that plant. As due to MINLP formulation, local optima may arise, linearization 
constraints are introduced in order to make the model linear and obtain global optimal solution. With this 
formulation, it is possible to evaluate different combinations of plants and numbers of facilities that will be open by 
solving the model for various scenarios of the number of facilities that will be eventually remain open. Operational 
constraints regarding power exported and annual availability of each incineration plant are introduced.  
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 Preprocessing of data indicated that these constraints are “either-or” type of constraints; constraints regarding 
the number of incineration plants that will be potentially installed are also taken into account. Such model has not 
been proposed before in the known literature as provides decision levels, not only regarding the “peers” of each 
incineration plant, but also about whether the incineration plant can be eventually be installed subjected to 
constraints regarding the power that should be exported and the annual availability. Each incineration plant that does 
not meet these requirements is not selected and therefore the total overachievement target is minimized. 

 Treating municipal waste is of major importance as due to consumerism way of life and the vast quantities of 
waste generated, landfilling is not a viable option. Besides the inefficiency of landfilling for waste municipal, 
Britain and other countries are subjected to several EU directives for waste reduction. Considering all the 
aforementioned factors, a turn to incineration of municipal waste has been made in the previous years. During the 
incineration procedure waste is treated as input; the products of this procedure are both desirable and undesirable. 
As desirable outputs are considered the power/heat exported to grid, ferrous and non-ferrous metals, while as 
undesirable outputs harmful gas emissions and fly particulates. However, this production process may not be 
efficient. In order to measure the efficiency of this production process for each incineration plant, DEA models that 
take into account both desirable and undesirable outputs, have been employed in the relevant literature. In this paper, 
a hybrid GP/DEA model is presented for the assessment and selection of those incineration plants satisfies 
environmental goals and operational constraints. Due to the use of GP, the analysis is possible to capture qualitative 
characteristics like people’s perceptions and opinions, measuring the social impact. This, type of modeling, besides 
taking into account the straightforward quantitative factors (mostly economic, environmental) can set goals 
regarding factors that are often captured with qualitative data. Based on DEA principle, the proposed model can 
assess the performance of each DMU (incineration plant in this case), compared with the other DMUs.  

 The novelty of the model is that binary variables for selecting DMUs are introduced in the constraints; only 
those DMUs that satisfy environmental goals regarding harmful gas emissions and operational constraints are 
selected. After data preprocessing, it has been concluded that power exported and annual availability are not linked 
and can be taken into account as a disjunction. Furthermore, constraints for the bounds of the number of DMUs 
selected are introduced. Scenarios have been also considered for the upper bound of selected DMUs. Results 
demonstrate that the target for Nitrogen Oxides (NOx) is not met as in each scenario it is over achieved. 

 A comparison between the proposed GP/DEA model and a DEA model that takes desirable and undesirable 
outputs into account is also demonstrated; DMUs are ranked based on the efficiency derived from the two models. 
Non-parametric statistical analyses applied conclude that the two rankings come from the same distribution and 
follow the same pattern. The proposed model can be applied to assess the efficiency of any economic entity, 
providing a flexible modeling framework. 
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