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Abstract: Continuous human population growth has led to increased livestock production and
hence large quantities of animal byproducts. One of the oldest and most efficient animal byproducts
processing techniques is rendering, which facilitates the recovery of resources in the form of fat
and protein flour. The purpose of this study is to provide data for the feasibility of rendering as a
treatment method. The case of a Greek slaughterhouse is presented, regarding its animal byproduct
treatment process through rendering and incineration. Three different waste management scenarios
are compared, with rendering proving to have a lower operational cost (€51.80/ton) compared to
incineration (€74.10/ton), and rendering followed by incineration (€72.13/ton). The rendering process
is then compared with other established animal byproduct treatment methods like composting and
anaerobic digestion through the analytic hierarchy process, in terms of environmental, economic,
and technological efficiency, with rendering (having a final score of 72%) proving once again superior
compared to composting (with a score of 54%), and anaerobic digestion (with a score of 55%).

Keywords: animal byproducts; public health; rendering; slaughterhouse; waste valorization; incineration

1. Introduction

The continuous deterioration of the environment and resource scarcity caused by human activities
has become prominent during the last decades. This fact has shifted the scientific focus to the
development of more sustainable practices through the redesigning of manufacturing techniques,
the development of novel waste treatment methods, and the recovery of resources from expired or
used products [1,2]. The European Union, through Regulation 2008/98/EC, has set a hierarchy for
waste management, with the most preferable solution being prevention of waste production, followed
by reuse of products, recycling of materials, recovery of resources, and, as a last choice, disposal [3].

In order to meet the food demands of the increasing human population, higher amounts of animal
byproducts (ABPs) and wastes are produced each year [4,5]. Animal wastes or animal byproducts
are a subcategory of agricultural wastes and are considered hazardous as they pose a threat to the
public health, the animal health, and the environment. For this reason, a set of rules that rigorously
define all phases of management procedures has been established [6,7]. The primary methods of ABP
management are their disposal in controlled sites (landfills), incineration, processing, composting,
and anaerobic digestion for biogas production.
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Livestock production has a significant impact to the total greenhouse gas emissions from human
activities [8,9]. These emissions originate from all stages of the process, including production of animal
feed, housing facilities, transport, refrigeration, processing etc., and are estimated to make up 14.5% of
the total human induced emissions [10]. Climate change and resource scarcity makes the recovery of
resources from livestock production industry imperative.

According to point 1 of Article 3 of Regulation 1069/2009/EC [6], ABPs are defined as whole
carcasses or parts of animal carcasses, products of animal origin, or other products obtained from
animals not intended for human consumption, including oocytes, embryos, and semen. The same
Regulation states that the “products of animal origin . . . not intended for consumption by man” include
products not suitable for consumption in accordance with applicable national and EU legislation as
well as the EU raw materials and/or products that can be consumed by humans in accordance to
the law, but with an irrevocable decision of the producer that they are destined for others purposes,
either for commercial reasons or due to a failure in packaging or failure to achieve the desired quality
of intermediate and finished products. ABPs are divided into three categories, based on the level
of risk they pose to the public and animal health, and the environment—Category 1, with a higher
risk; Category 2, medium risk; and Category 3, with a lower risk. Articles 8, 9, and 10 of Regulation
1069/2009/EC describes the ABPs of Categories 1, 2, and 3 in detail which are illustrated in Table 1.
Specified risk materials are the animal tissues defined in Annex V of Regulation 999/2001/EC [11].

One of the oldest methods of ABPs processing is rendering, a thermal inactivation method, under
specific temperature and pressure conditions. A wide range of ABPs processed by rendering is utilized
by important industry sectors to produce animal feed (for livestock and pet animals), fertilizers, leather,
and pharmaceuticals [12,13]. In the European Union, until 1986, there was no legal framework for
the distribution of animal feed produced through rendering that considered the natural food chain,
resulting in the appearance of bovine spongiform encephalopathy outbreaks (mad-cow disease), with
human casualties and devastating effects on the economy [14]. Today, with the imposed legislation,
processed ABPs cannot be used as animal feed for animals of the same species. Rendering is still
attractive as an ABPs processing method [15], making great use of simple procedures and by-products
that would otherwise end-up in landfills.

Rendering is defined as any thermal processing of ABPs that is intended for the production of
materials free from pathogenic microorganisms (Salmonella, Clostridium, enterobacteria) and water [16]
that are either discarded directly into landfills or into incineration and co-incineration plants or are
used for the production of commercially exploitable products. During rendering, the particle size
of the ABP is initially reduced, followed by its heat treatment, and finally its separation into a solid
(protein) and a liquid fraction (fat) (Figure 1). The protein-rich solids produced can be used as animal
feed for pets and, under certain conditions, for farm animals as well as to produce fertilizers and soil
improvers [17]. The produced fat, depending on its quality, can be used to produce biofuels (biodiesel
and biogas) [18] and energy [19]. The application of rendering to edible animal products, such as fresh
animal fat, leads to the production of edible products such as lard, gelatin, cooking and confectionery
fat, etc. [20].
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Table 1. Categorization of animal byproducts (ABPs) according to the risk they pose to human and
animal health and the environment.

Category Risk Material

1 High risk

• Animals and materials suspected or confirmed to be infected by transmissible
spongiform encephalopathies (TSEs);

• Animals that have been experimented on;

• Zoo and pet animal carcasses;

• Wild animals suspected of having an infectious disease;

• Catering waste from international transport, i.e., aircraft and ships;

• Specified risk material (SRM);

• Animal tissue collected when treating wastewater from Category 1 processing plants.

2 Medium risk

• Animals that are slaughtered to prevent the spread of disease;

• Manure and digestive tract content;

• Animals and parts of animals which die by means other than slaughtering, e.g.,
fallen stock;

• Animal tissue collected when treating wastewater from Category 2 processing plants.

3 Low risk

• Meat and fish from food manufacturers and retailers;

• Former foodstuffs of animal origin, or containing products of animal origin;

• Catering waste, other than catering waste from international transport;

• Eggs and other by-products that do not show signs of infectious disease;

• Milk;

• Fish and other sea animals;

• Shells;

• Hooves, horns, and feathers.
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ABP processing through rendering was first widely used in the United States of America and
then spread to the rest of the world [21,22]. According to the European Fat Processors and Renderers
Association (EFPRA), 328 million pigs, sheep, goats, and cattle and 6 billion poultry are slaughtered
in Europe every year. Of these carcasses, about 42% of the bovine animal weight, 34% of pig animal
weight, and 25% of poultry animal weight are not suitable for human consumption. At the same time,
on average, 2.45 million tons of fallen stock occur in livestock farms. From all the above, according
to EFPRA, 5 million tons of Category 1 ABPs and 12 million tons of Categories 2 and 3 ABPs and
edible animal fat are finally produced. The utilization of Category 1 ABPs leads to the production
of one million tons of solid fuel each year for the operation of power plants and cement production.
Correspondingly, the utilization of Categories 2 and 3 ABPs and the edible animal fat, according to



Sustainability 2020, 12, 5870 4 of 16

EFPRA, produces the following every year: 186 thousand tons of edible fats for use in confectionery
and cooking, 1.67 million tons of processed animal protein replacing soybeans in the preparation of pet
food, 1.52 million tons of processed animal fat derived from ABP Category 3 that replaces palm oil in
the chemical and animal feed industry, 99 thousand tons of processed animal protein replacing fish
feed produced from caught fish, a quantity of phosphorus enough for the fertilizer needs of 3 million
football fields, and a quantity of nitrogen enough for the fertilizer needs of 500 thousand football fields.
Also, the utilization of ABPs produces enough biodiesel for 650 thousand cars every year.

As can be understood from the data presented thus far, the exploitation of ABPs can have a major
contribution to the circular economy model through the recovery of resources. This can be carried out
though composting for the production of soil improvers and fertilizers [15,23,24], anaerobic digestion
for the production of biogas and liquid fertilizers [15,25–28], and rendering for the production of fat
and protein flour [15]. Pyrolysis can be used as a processing method for the production of bio-oil,
syngas, and biochar from food wastes [29,30]. Gelatin, collagen, and other valuable substances can
also be extracted from ABPs, as well as hide/skin from fallen or slaughtered animals [31]. The recovery
of resources from food wastes can have a major contribution to the circular economy model, especially
through the recovery of nutrients for the production of animal feed [32,33].

Several studies have examined the economics of ABP valorization through rendering, but usually
examine the economics of processes through their mass balance and larger scales [34–36]. The purpose
of this study is to examine the economic feasibility of ABP rendering based on data obtained from a
slaughterhouse operating in Greece, providing information for smaller scales and taking into account
data from existing equipment capacity, maintenance cost, and local ABP production. This will allow
the implementation of a decision-making methodology, like the analytic hierarchy process (AHP),
for the comparison of the benefits of using rendering compared to composting and anaerobic digestion.
The methodology used in this study can be implemented by other small enterprises to quickly assess
the feasibility of their waste disposal schemes and promote more environmentally friendly behavior.

2. Materials and Methods

2.1. Description of Current Operation

The slaughterhouse examined in this study started its operation as an industrial slaughterhouse in
2002. The company’s headquarters and facilities are located in the industrial park of the Municipality of
Prossotsani, Drama, Northern Greece, occupying a total area of 43,000 m2. The facilities are divided in
five parts—an industrial slaughterhouse, a rendering unit, an incineration unit, a wastewater treatment
unit, and the animal housing facilities.

The incineration unit uses a pyrolytic furnace high potential incinerator. Natural gas is used as
fuel for its operation, and its combustion temperature is 850 ◦C for two seconds, creating conditions
for the efficient incineration of incoming waste. The rotating furnace (PyroRot, model 540 by ASTE
Ltd.), is designed to incinerate ABP Categories 1, 2, and 3, and waste with a large proportion of liquid.
It consists of (a) the main pyrolysis/gasification/ incineration chamber, which rotates periodically;
(b) the post-incineration chamber; and (c) three burners (one in the main chamber and two in the
post-incineration chamber, one of which is in standby, according to Regulation 1069/2009/EC).

The ABP rendering unit implements the rendering process 1—batch sterilization (dry inactivation)
according to Annex IV, Chapter III of Regulation 142/2011/EU. It consists of a boiler room and the
main facility room. The boiler room contains the natural gas boiler that produces steam (6 bar) at a
temperature of 150~160 ◦C. The main facility contains the ABP loading funnel, the ABP crusher, the
sterilizer (cooker), the drainage fat settling funnel, the fat removal press, the hammermill used for the
produced protein flours, the centrifugal fat separator, the fat reservoir, the fat pumps, and the screw
conveyors of processed materials.

Since the fat content in fish is much lower than in foodstuff, the company choses to treat the
fish in a different lot. From rendering of 1 ton of fish ABPs, 270 kg “dry” fish meal (27%), and a
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minimum amount of fat (about 0.5 kg) are produced on average. From rendering of 1 ton of foodstuff

ABPs (mainly dairy products and sausages), 175 kg of fat and 175 kg of solid fraction are produced
on average.

The slaughterhouse currently manages ABPs of all three categories, which either originate from
its own operation (slaughterhouse and meat processing department) or are received from third parties.
Figure 2 illustrates the currently implemented ABP management scenarios and the specifications of
the incineration and rendering units.Sustainability 2020, 12, 5870 5 of 15 

 

Figure 2. Currently implemented ABP management scenarios and specifications of the incineration 

and rendering unit. 

Burning ABPs has a high cost due to their increased moisture content. ABPs are considered to 

be the most difficult materials to be incinerated. For this reason, the company chooses to first process 

the Category 3 ABPs received from third parties (except those originating from slaughterhouses) 

through rendering, and subsequently incinerate the products of the rendering process. 

Figure 3 illustrates the amounts of Category 1 and 2 ABPs managed by the company in 2017 and 

the first four months of 2018 and their origins. From October 2017 and until April 2018, the company 

received significant quantities of Category 1 and 2 ABPs from third parties because of the Christmas 

and Easter periods, which are connected with increased food consumption and as a result increased 

animal population before these holidays. Figure 4 illustrates the quantities of Category 3 ABPs 

managed by the company during 2017 and the first four months of 2018 and their origins. 

From Figure 4, the inactivation of fish has begun since May 2017, while the bulk of inactivated 

materials comes from foodstuff ABPs. The quantities of Category 3 ABPs deriving from 

slaughterhouse operation are small except for the periods before Easter and Christmas (April and 

December).  

The transport of ABPs to be inactivated is carried out either with the company’s licensed vehicle 

or with the corresponding vehicles of its customers. The ABPs are transported in special, closed, 

reusable containers, which are disinfected after every use. The wheels of the transport vehicles are 

disinfected before entering and after leaving the facility. The company follows a HACP protocol that 

ensures the appropriate conditions during rendering are achieved for the microbial inactivation of 

the wastes. Continuous monitoring of the rendering products is carried out, in terms of pathogens 

concentrations, and the 1069/2009/EC regulation is followed for every step of the process. 

The slaughterhouse originally constructed the rendering unit in order to process the Category 2 

and 3 ABPs produced by its operation and from local slaughterhouses. As it can be observed in 

Figures 3 and 4, the amount of these materials was not enough for the economically feasible operation 

of the rendering unit. The company then started collecting Category 3 ABPs from other fish and 

foodstuff processing companies and using the rendering unit up to the stage of thermal inactivation 

without using the equipment for the refining of the rendering products (fat removal press, 

hammermill for the production of protein flours, and centrifugal fat separator), incinerating them 

instead. 

2.2. Assessment of Operating Scenarios 

The decisions taken by an enterprise for its operation and potential retrofitting are mainly based 

on economic criteria. A useful tool for obtaining a financially sound solution is the construction of a 

dynamic mathematical model that enables the calculation of operational cost and expected profit by 

Figure 2. Currently implemented ABP management scenarios and specifications of the incineration
and rendering unit.

Burning ABPs has a high cost due to their increased moisture content. ABPs are considered to be
the most difficult materials to be incinerated. For this reason, the company chooses to first process the
Category 3 ABPs received from third parties (except those originating from slaughterhouses) through
rendering, and subsequently incinerate the products of the rendering process.

Figure 3 illustrates the amounts of Category 1 and 2 ABPs managed by the company in 2017
and the first four months of 2018 and their origins. From October 2017 and until April 2018, the
company received significant quantities of Category 1 and 2 ABPs from third parties because of the
Christmas and Easter periods, which are connected with increased food consumption and as a result
increased animal population before these holidays. Figure 4 illustrates the quantities of Category 3
ABPs managed by the company during 2017 and the first four months of 2018 and their origins.

From Figure 4, the inactivation of fish has begun since May 2017, while the bulk of inactivated
materials comes from foodstuff ABPs. The quantities of Category 3 ABPs deriving from slaughterhouse
operation are small except for the periods before Easter and Christmas (April and December).

The transport of ABPs to be inactivated is carried out either with the company’s licensed vehicle or
with the corresponding vehicles of its customers. The ABPs are transported in special, closed, reusable
containers, which are disinfected after every use. The wheels of the transport vehicles are disinfected
before entering and after leaving the facility. The company follows a HACP protocol that ensures
the appropriate conditions during rendering are achieved for the microbial inactivation of the wastes.
Continuous monitoring of the rendering products is carried out, in terms of pathogens concentrations,
and the 1069/2009/EC regulation is followed for every step of the process.

The slaughterhouse originally constructed the rendering unit in order to process the Category
2 and 3 ABPs produced by its operation and from local slaughterhouses. As it can be observed in
Figures 3 and 4, the amount of these materials was not enough for the economically feasible operation
of the rendering unit. The company then started collecting Category 3 ABPs from other fish and
foodstuff processing companies and using the rendering unit up to the stage of thermal inactivation
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without using the equipment for the refining of the rendering products (fat removal press, hammermill
for the production of protein flours, and centrifugal fat separator), incinerating them instead.Sustainability 2020, 12, 5870 6 of 15 

Ja
nu

ar
y 
20

17

Feb
ru

ar
y 
20

17

M
ar

ch
 2

01
7

A
pr

il 
20

17

M
ay

 2
01

7

Ju
ne

 2
01

7

Ju
ly
 2

01
7

A
ug

us
t 2

01
7

S
ep

te
m

be
r 2

01
7

O
ct
ob

er
 2

01
7

N
ov

em
be

r 2
01

7

D
ec

em
be

r 2
01

7

Ja
nu

ar
y 
20

18

Feb
ru

ar
y 
20

18

M
ar

ch
 2

01
8

A
pr

il 
20

18

0

10000

20000

30000

40000

50000

60000

70000

80000

90000

100000

 

 
C

a
te

g
o

ry
 1

 &
 2

 A
B

P
s
 m

a
n

a
g

e
d

 b
y
 t
h

e
 c

o
m

p
a

n
y
 [

k
g

]  Other ABPs - Categories 1 & 2

 Own ABPs - Category 2

 Own ABPs - Category 1

 

Figure 3. Category 1 and 2 ABPs managed by the company during 2017 and the first four months of 

2018. 

Ja
nu

ar
y 
20

17

Feb
ru

ar
y 
20

17

M
ar

ch
 2

01
7

A
pr

il 
20

17

M
ay

 2
01

7

Ju
ne

 2
01

7

Ju
ly
 2

01
7

A
ug

us
t 2

01
7

S
ep

te
m

be
r 2

01
7

O
ct
ob

er
 2

01
7

N
ov

em
be

r 2
01

7

D
ec

em
be

r 2
01

7

Ja
nu

ar
y 
20

18

Feb
ru

ar
y 
20

18

M
ar

ch
 2

01
8

A
pr

il 
20

18

0

50000

100000

150000

200000

250000

300000

350000

 
 

C
a

te
g

o
ry

 3
 A

B
P

s
 m

a
n

a
g

e
d

 b
y
 t

h
e

 c
o

m
p

a
n

y
 [

k
g

]

 Foodstuff

 Slaughterhouse

 Fish

 

Figure 4. Category 3 ABPs managed by the company during 2017 and the first four months of 2018. 

Figure 3. Category 1 and 2 ABPs managed by the company during 2017 and the first four months
of 2018.

Sustainability 2020, 12, 5870 6 of 15 

Ja
nu

ar
y 
20

17

Feb
ru

ar
y 
20

17

M
ar

ch
 2

01
7

A
pr

il 
20

17

M
ay

 2
01

7

Ju
ne

 2
01

7

Ju
ly
 2

01
7

A
ug

us
t 2

01
7

S
ep

te
m

be
r 2

01
7

O
ct
ob

er
 2

01
7

N
ov

em
be

r 2
01

7

D
ec

em
be

r 2
01

7

Ja
nu

ar
y 
20

18

Feb
ru

ar
y 
20

18

M
ar

ch
 2

01
8

A
pr

il 
20

18

0

10000

20000

30000

40000

50000

60000

70000

80000

90000

100000

 

 
C

a
te

g
o

ry
 1

 &
 2

 A
B

P
s
 m

a
n

a
g

e
d

 b
y
 t
h

e
 c

o
m

p
a

n
y
 [

k
g

]  Other ABPs - Categories 1 & 2

 Own ABPs - Category 2

 Own ABPs - Category 1

 

Figure 3. Category 1 and 2 ABPs managed by the company during 2017 and the first four months of 

2018. 

Ja
nu

ar
y 
20

17

Feb
ru

ar
y 
20

17

M
ar

ch
 2

01
7

A
pr

il 
20

17

M
ay

 2
01

7

Ju
ne

 2
01

7

Ju
ly
 2

01
7

A
ug

us
t 2

01
7

S
ep

te
m

be
r 2

01
7

O
ct
ob

er
 2

01
7

N
ov

em
be

r 2
01

7

D
ec

em
be

r 2
01

7

Ja
nu

ar
y 
20

18

Feb
ru

ar
y 
20

18

M
ar

ch
 2

01
8

A
pr

il 
20

18

0

50000

100000

150000

200000

250000

300000

350000

 
 

C
a
te

g
o

ry
 3

 A
B

P
s
 m

a
n

a
g

e
d

 b
y
 t
h

e
 c

o
m

p
a

n
y
 [

k
g

]

 Foodstuff

 Slaughterhouse

 Fish

 

Figure 4. Category 3 ABPs managed by the company during 2017 and the first four months of 2018. 
Figure 4. Category 3 ABPs managed by the company during 2017 and the first four months of 2018.



Sustainability 2020, 12, 5870 7 of 16

2.2. Assessment of Operating Scenarios

The decisions taken by an enterprise for its operation and potential retrofitting are mainly based
on economic criteria. A useful tool for obtaining a financially sound solution is the construction of a
dynamic mathematical model that enables the calculation of operational cost and expected profit by
taking into account information related to the characteristics of the machinery, the resources consumed,
equipment purchase and maintenance costs, labor costs, the quantities of the materials processed and
produced, the cost of services provided and received, etc.

In order to build such a model, it is first necessary to identify the main sources of costs and
revenues and then to express them by the mentioned elements. The construction of such a model is a
dynamic process that requires continuous control and improvement. A first attempt was carried out to
build mathematical models from which the expected profit for the company for each of the following
scenarios of management and exploitation of the Category 3 ABPs from fish and foodstuff is calculated.

In Scenario 1, all the ABPs are incinerated without any previous processing, and the ash produced
is disposed in a landfill. In Scenario 2, all the ABPs are inactivated through rendering with the
produced materials directed to incineration and the ash produced to a landfill (current operation).
Finally, in Scenario 3 all the ABPs are inactivated through rendering, and products of rendering are
available for further exploitation.

For the developed mathematical model, the cost of removing the packaging of ABPs to be managed
and the operational cost of the wastewater treatment plant were not taken into account because the
process of unpacking is included in all three scenarios, and the wastewater burden of all three scenarios
is small compared to the other activities of the company (slaughterhouse, animal housing facilities,
etc.). The main cost categories that were identified were the thermal energy needs (cost coefficient
A), the electrical energy needs (cost coefficient B), the maintenance needs of the rendering equipment
(cost coefficient C), the maintenance needs of the incineration equipment (cost coefficient D), the
disposal of the ash produced during incineration (cost coefficient E), labor (cost coefficient F), and a
possible penalty in the form of a tax for the use of incinerator (cost coefficient G). Each cost coefficient
must be multiplied with the corresponding price or cost (natural gas price (NGP), electricity price
(EP), rendering maintenance cost (MCr), incinerator maintenance cost (MCi), ash disposal cost (ADC),
hourly wage (HW) and environmental tax (Tax)). The calculation of the total operational cost in € per
kg of ABP for each scenario is summarized in the following formula:

A
[

KWh
kg ABP

]
× NGP

[
€

KWh

]
+ B

[
KWh

kg ABP

]
× EP

[
€

KWh

]
+

(
C

[kg ABP
y

])−1
× MCr

[
€
y

]
+

(
D

[kg ABP
y

])−1
× MCi

[
€
y

]
+ E

[ kg Ash
kg ABP

]
× ADC

[
€

kg Ash

]
+F

[
h

kg ABP

]
× HW

[
€
h

]
+ G

[
h

kg ABP

]
× Tax

[
€
h

] (1)

After the cost coefficients for each scenario are calculated, the net profit of each rendering scenario
can be identified. Finally, a decision tool can be used to examine the scenarios, alongside other
established treatment methods for this type of by-products. The analytic hierarchy process (AHP) was
used, as described by Bottero et al. [37]. AHP is an established methodology for the comparison of
different options that has been proposed in the literature as a decision tool for waste management [38,39].
Three criteria were examined—Environmental, Technological and Economic—represented by the
total energy consumption, the total retention time, and the net profit, respectively, for each process.
The weights proposed by Bottero et al. [37] were also used (0.43 for environmental, 0.47 for economic
and 0.1 for technological criteria) with a consistency ratio of (CR)<0.1. Because the total energy
consumption and total retention time have a negative impact on the evaluation of the process, the vales
used for AHP scoring were the comparison between the methods and the worst results in each
criterion. For example, composting had the longest retention time amongst the process examined
(50 d), while anaerobic digestion had a retention time of 40 d. The value used for scoring the retention
time of anaerobic digestion was 50 − 40 = 10 d, which was then normalized by dividing with the
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highest value among the process. In this way, the worst performing method had a score of zero before
weighing, and the best performing method had a score of one after normalization and before weighing.
In the case of net profit, a similar approach was used for the methods that had negative net profit
(net cost), leading to the method with the most negative net profit being scored with zero, and the
method with the highest net profit having a score of one. The AHP score occurs by multiplying the
normalized scores of the processes with the weights and then summing the results per process.

3. Results

3.1. Scenario 1—Incineration of ABPs

According to the company’s data, a complete cycle of ABPs incineration takes an average of six
hours, of which 4 h correspond to the combustion process, and the remaining 2 h correspond to the
time required for loading, cooling the furnace and removing the ash. The incinerator installed at the
premises of the company has a capacity of 1150 kg of ABPs/h of operation or 4600 kg of ABPs per full
incineration cycle or 9200 kg of ABPs per day, total electrical power of 10 kW, and total thermal power of
1700 kW (main incinerator 800 kW and two afterburners, 450 kW each). During incineration, the main
incinerator and one afterburning incinerator continuously operate, while the second afterburning
incinerator operates for 0.5 h per incineration cycle.

3.1.1. Calculation of Total Cost of Scenario 1

The operational cost of the incinerator consists of the sum of natural gas cost, electricity cost, and
maintenance cost. Natural gas is used to power the main incinerator and one afterburning incinerator
for 4 h and the other afterburning incinerator for 0.5 h.

The energy consumed by the three incinerators per one operating cycle is

(800 kW + 450 kW) × 4 h + 450 kW× 0.5 h/cycle = 5225 kWh/cycle (2)

If the natural gas price (NGP) is expressed in €/kWh, the cost of natural gas would be

(5225 kWh/cycle × NGP €/kWh)/(4600 kg ABP/cycle) = 1.136× NGP [€/kg ABP] (3)

For the calculation of the electricity cost, it is assumed that for each the operating hours of the
incinerator the electrical demand factor of the machinery is 0.7. The electricity consumed during the
four hours of burning of a complete cycle of incineration is equal to

0.7× 10 kW × 4 h/cycle = 28 kWh/cycle (4)

If the electricity price (EP) is expressed as €/kWh, the cost of electricity is calculated as follows:

(28 kWh/cycle × EP €/kWh)/(4600 kg ABP/cycle) = 6.087× 10−3
× EP [€/kg ABP] (5)

The company implements a preventive maintenance program once a year for the incinerator
according to the manufacturer’s instructions. If the maintenance cost of the incinerator (MCi) is
expressed as €/y, for a 250 days/y operation, the total maintenance cost can be calculated as follows:

(MCi €/y)/(250 d/y × 9200 kg ABP/d) = 4.35× 10−7
×MCi [€/kg ABP] (6)

Through the sum of Equations (3), (5) and (6), the total operational cost of the incinerator is
calculated as (

1.136×NGP + 6.087× 10−3
× EP + 4.35 × 10−7

×MCi
)
[€/kg ABP] (7)
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According to the manufacturer of the incinerator, the amount of ash produced corresponds to 3%
of the quantity incinerated. If the disposal of ash costs ADC €/kg, then, the total ash disposal cost can
be calculated as

0.03 kg ash/kg ABP × ADC €/kg = 0.03× ADC [€/kg ABP] (8)

The operation of the incinerator requires the employment of one (1) worker for its supervision, so
the working cost per hour of operation is equal to the hourly wage (HW) in €/h.

HW €/h/1150 kg ABP/h = 0.87× 10−3
× HW [€/kg ABP] (9)

Since incineration is the least acceptable waste management Scenario, after direct land application,
it is likely that a tax will be imposed in the future for the hourly use of an incinerator. Therefore, the
environmental cost per hour of operation is given by the following equation:

Tax €/h/1150 kg ABP/h = 0.87× 10−3
× Tax [€/kg ABP] (10)

In summary, the total cost of Scenario 1, whereby all ABPs are incinerated in the furnace without
any prior processing and the ash produced is sent to a landfill, is given by the following equation:

1.136×NGP + 6.087× 10−3
× EP + 4.35× 10−7

×MCi + 0.03×ADC+

0.87× 10−3
×HW + 0.87× 10−3

× Tax [€/kg ABP]
(11)

3.1.2. Calculation of Net Profit of Scenario 1

If the company receives an income of PR in €/kg ABP for the provided management services of
Category 3 ABPs of foodstuff or fish origin, then the Net Profit of Scenario 1 is given by the following
equation:

PR− (1.136×NGP + 6.087× 10−3
× EP + 4.35× 10−7

×MCi + 0.03×ADC+

0.87× 10−3
×HW + 0.87× 10−3

× Tax) [€/kg ABP]
(12)

3.2. Scenario 2—Rendering of ABPs and Incineration of the Resulting Materials

According to the company’s data, a complete cycle of rendering of ABPs and collection of the
materials produced in order to be driven for incineration lasts for an average of 3.5 h, of which 3 h
correspond to the rendering process and the remaining half hour corresponds to the time required for
the cutting of ABPs and the loading of the materials produced from the drainage funnel. The steam
boiler has a thermal power of 1209 kW and an electric power of 5 kW. The sterilizer (cooker) has a
capacity of 1665 kg ABP/h, or ~5000 kg ABP per full rendering cycle and 37 kW power. The total
electric power including the equipment up to the screw conveyor after the drainage funnel equals to
106.7 kW.

3.2.1. Calculation of Total Cost of Scenario 2

The Scenario 2 rendering cost is divided to natural gas cost, electricity cost, maintenance cost and
labor cost. The energy consumed by the steam boiler during the 3 h of sterilization in a rendering cycle
equals to

1209 kW× 3 h/cycle = 3627 kWh/cycle (13)

With the price of natural gas (NGP) expressed in €/kWh, the cost of natural gas can be calculated as

(3627 kWh/cycle×NGP €/kWh)/5000 kg ABP/cycle = 0.7254×NGP [€/kg ABP] (14)
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For the calculation of electricity cost, it is assumed that the equipment powered by electricity in
the rendering unit (except for the cooker) operates for 0.25 h per rendering cycle. The electrical energy
needed can be calculated as follows:

(37 kW + 5 kW)× 3 h/cycle+(106.7 kW− 37 kW− 5 kW)× 0.25 h/cycle = 142.175 kWh/cycle (15)

If the electricity price (EP) is expressed in €/kWh, the cost of electricity can be calculated as follows:

(142.175 kWh/cycle× EP €/kWh)/(5000 kg ABP/cycle) = 28.435× 10−3
× EP [€/kg ABP] (16)

The company implements yearly maintenance of the rendering unit. The cost of maintenance
(MCr) expressed in €/y can be used for the calculation of the maintenance cost per kg of ABP for 250
days of operation per year:

(MCr €/y)/
(
250 d/y× 104 kg ABP/d

)
= 4× 10−7

×MCr [€/(kg ABP)] (17)

Two (2) employees are required for the operation of the rendering unit. With the hourly wage
[HW] expressed in €/h, total labor cost can be calculated as follows:

2×HW €/h/1665 kg ABP/h = 1.2× 10−3
×HW [€/kg ABP] (18)

The total rendering cost can be calculated by the sum of Equations (14) and (16)–(18) as

0.7254×NGP + 28.435× 10−3
× EP + 4× 10−7

×MCr + 1.2× 10−3
×HW [€/kg ABP] (19)

The total incineration cost can be calculated as described for Scenario 1. For the year 2017 and the
first four months of the year 2018, fish form 10% of Category 3 ABPs inactivated by the company while
foodstuff are the remaining 90%. From the rendering of 1 ton of fish, 270 kg of material is produced for
incineration. From the rendering of 1 ton of foodstuff, 350 kg of materials is produced for incineration.
Therefore, the rendering of 1 kg of “mixed” ABPs produces on average an amount of material driven
for incineration equal to

(0.1× 0.27) + (0.9× 0.35) = 0.342 kg (20)

with incineration cost equal to (based on previous calculations for the incinerator) as

0.342 kg× (1.136×NGP + 6.087× 10−3
× EP + 4.35× 10−7

×MCi + 0.03×ADC+

0.87× 10−3
×HW + 0.87× 10−3

× Tax) [€/kg]
(21)

In summary, the total cost of Scenario 2, whereby all ABPs are inactivated in rendering unit and
the products obtained from the drainage funnel are driven for incineration and the ash produced is led
to licensed landfill, is given by the following equation:

1.1144×NGP + 30.517× 10−3
× EP + 4× 10−7

×MCr + 1.49× 10−7
×MCi+

1.026× 10−2
×ADC + 1.498× 10−3

×HW + 0.298× 10−3
× Tax [€/kg ABP]

(22)

3.2.2. Calculation of Net Profit of Scenario 2

If the company receives an income of PR in €/kg of ABP to be processed in its facilities, then the
Net Profit of Scenario 2 is given by the following equation:

PR− (1.1144×NGP + 30.517× 10−3
× EP + 4× 10−7

×MCr + 1.49× 10−7
×MCi+

1.026× 10−2
×ADC + 1.498× 10−3

×HW + 0.298× 10−3
× Tax) [€/kg ABP]

(23)
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3.3. Scenario 3—Rendering of ABPs and Exploitation of Products

It is estimated that a complete ABP rendering cycle, in order to obtain the resulting proteinaceous
flour and fat with increased purity for further use, takes on average of 4 h, of which 3 h correspond to
the rendering process, and the remaining one hour corresponds to the times required for the remaining
operations (ABP cutting, passing through the press and the hammer mill, packaging of proteinaceous
flour, fat centrifugation, fat collection). The steam boiler has a thermal power of 1209 kW and an
electric power of 5 kW. The sterilizer (cooker) has a capacity of 1665 kg ABP/h of operation or ~5000 kg
ABPs per full rendering cycle and power of 37 kW. The total electric power including the rendering
unit equipment equals to 235.68 kW.

3.3.1. Calculation of Total Cost of Scenario 3

The total cost of Scenario 3 is equal to the rendering cost that is distinguished in: natural gas cost,
electricity cost, maintenance costs and labor cost.

The cost of natural gas is calculated as in Scenario 2:

0.7254×NGP [€/kg ABP] (24)

The cost of electricity required for 4 h of operation is calculated as follows:

[(37 kW + 5 kW) × 3 h/cycle] + [(235.68 kW− 37 kW− 5 kW) × 0.25 h/cycle] = 174.42 kWh (25)

(174.42 kWh× EP €/kWh)/(5000 kg ABP/cycle) = 34.884× 10−3
× EP [€/kg ABP] (26)

For the maintenance of the rendering unit, it can be assumed that the cost for Scenario 3 will be
higher than the one for Scenario 2 (MCr2>MCr).

(MCr2 €/y)/
(
2.5× 106 kg ABP/y

)
= 4× 10−7

×MCr2 [€/kg ABP] (27)

Three employees will be needed for the operation described in Scenario 3:

3×HW €/h/1665 kg ABP/h = 1.8× 10−3
×HW [€/kg ABP] (28)

Summing up Equations (24) and (26)–(28), the total cost of Scenario 3 can be calculated as

0.7254×NGC + 34.884× 10−3
× EP + 4× 10−7

×MCr2 + 1.8× 10−3
×HW [€/kg ABP] (29)

3.3.2. Calculation of Net Profit of Scenario 3

In Scenario 3, the profit can be divided in the income for the provided services of 1 kg of Category
3 ABP (PR) and the profit from selling the rendering products (PR2). Both prices are expressed in
€/kg ABP.

The Net Profit of Scenario 3 is thus calculated as follows:

PR + PR2− (0.7254×NGP) +
(
34.884× 10−3

× EP
)
+

(
4× 10−7

×MCr2
)
+(

1.8× 10−3
×HW

)
] [€/kg ABP]

(30)

3.4. Comparing the Three Scenarios

Table 2 summarizes the cost coefficients that were identified through the analysis presented thus
far, for each cost category and scenario as included in Equations (12), (23), and (30).
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Table 2. Cost coefficients per cost category for the three proposed Category 3 ABPs management
scenarios.

Cost Category Cost Coefficients

Units Scenario 1 Scenario 2 Scenario 3

Natural gas (A) KWh/ton ABP 1136 1114 725
Electricity (B) KWh/ton ABP 6.087 30.517 34.884

Incinerator maintenance (1/C) y/ton ABP 4.35 × 10−4 1.49 × 10−4 -
Rendering maintenance (1/D) y/ton ABP - 4 × 10−4 4 × 10−4

Ash disposal (E) kg Ash/ton ABP 30 10.26 -
Labor (F) h/ton ABP 0.87 1.498 1.8

Environmental (G) h/ton ABP 0.87 0.298 -

Table 2 shows that the amount of natural gas consumed in Scenario 3 is significantly less than in
the other two scenarios; the amount of electricity consumed in Scenario 1 is significantly less than in
the other two scenarios, whereas Scenario 3 exhibits the highest electricity consumption. Moreover,
Scenario 3 is the most labor intensive among the others due to the greater number of tasks being
performed. Ash management costs are greater in Scenario 1, while they are completely absent in
Scenario 3. Furthermore, in Scenario 3, there is no environmental cost because the incineration process
is not included. Even though environmental cost in the form of a tax does not exist today, it has been
considered because it is very likely to be imposed in the future to prevent the use of incineration as a
waste management method.

To estimate the maintenance costs of each scenario the annual maintenance cost of the equipment of
the incinerator and the rendering unit should be calculated (MCi, MCr, MCr2). Because the equipment
is new and covered by the agreed warranty period when purchased, there are no data for the calculation
of maintenance prices.

According to the company’s data, the current gas purchase price is equal to €0.05/kWh and the
price for electricity is €0.20/kWh. The minimum permissible hourly wage is equal to €4/h. Also,
according to a contract signed by the company for the disposal of ash, the cost is €0.42/kg of ash.
By incorporating the values mentioned above in Table 2, Table 3 is created.

Table 3. Operational cost of the three proposed scenarios calculated with current economic data.

Scenario 1 Scenario 2 Scenario 3
Cost

(€/ton ABP) (%) Cost
(€/ton ABP) (%) Cost

(€/ton ABP) (%)

Natural gas 56.80 76.7 55.72 77.2 37.62 72.6
Electricity 1.22 1.6 6.10 8.5 6.98 13.5

Ash disposal 12.60 17 4.31 6 - -
Labor 3.48 4.7 6.00 8.3 7.20 13.9
Total 74.10 100 72.13 100 51.80 100

From Table 3, it can be clearly noticed that the highest management cost of ABPs is through
incineration (Scenario 1), while the most economically advantageous one is via rendering accompanied
by utilization of products for further exploitation (Scenario 3).

4. Discussion

The ABPs management currently applied by the company (Scenario 2) is 3% more cost-effective
than incineration and 28% more costly than Scenario 3. The cost of natural gas purchasing is the most
important cost category for all three scenarios—namely, 76.7%, 77.2%, and 72.6% for Scenarios 1, 2,
and 3, respectively, while the cost of purchasing electricity is not as significant (1.6%, 8.5%, and 13.5%
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for Scenarios 1, 2, and 3, respectively). For Scenarios 2 and 3, labor costs and electricity costs are
the same.

In the work of Shahzad et al. [36], an operational cost of €39.5/ton ABP using slaughtering wastes
was calculated. This cost is comparable with the €51.8/ton ABP calculated in this work, but the
difference in the size of the facilities used in the calculations should be taken into account, with the
capacity of the rendering unit examined in this study being 1.7 tons/h, while the one examined in the
work of Shahzad et al. had a capacity of a 12.5 tons/h. Higher capacity facilities are expected to have
lower operational costs per ton of material treated.

In order to put the results of this study into perspective, a comparison with other established
treatment methods for this type of byproducts should be carried out. These methods are composting
and anaerobic digestion. The comparison was carried out in terms of environmental, economic, and
technological terms in the form of an AHP analysis. The data used and the results of the analysis are
presented in Table 4. Data in Table 4 that are not accompanied by a reference are based on the results of
this work, while the net profit was calculated by subtracting the profit from cost data presented in
the Table.

Table 4. Comparison of the results of this study with alternative treatment methods through AHP.

Composting Anaerobic
Digestion

Scenario 1
Incineration

Scenario 2
Rendering and

Incineration

Scenario 3
Rendering

Energy consumption (MJ/ton ABP) 250 [15] 600 [15] 4111 4118 2736
Cost (€/ton ABP) 30 [24] 63 [28] 74.1 72.13 51.8
Profit (€/ton ABP) 30 [15] 68 [15] 0 0 270 [15]

Net profit (€/ton ABP) 0 5 −74.1 −72.13 218.2
Retention time (d) 50 [37] 40 [37] <1 <1 <1

Normalized

Environmental score 1.00 0.91 0.00 0.00 0.36
Economic score 0.25 0.27 0.00 0.01 1.00

Technological score 0.00 0.20 1.00 1.00 1.00

AHP score (%) 53.9 54.9 10.1 10.3 72.4

By the final scores from the AHP analysis presented in Table 4, it is apparent that the rendering
process examined in Scenario 3 is the most preferred method according to the criteria used, followed
by anaerobic digestion, and then composting. The incineration of ABPs (Scenario 1) and the currently
implemented management scenario by the slaughterhouse (Scenario 2) are the least preferable
management methods. The main advantage of the rendering process is the production of high-value
materials in low retention times when compared to the other techniques.

Currently, in Greece, more than half of the slaughterhouses use rendering for the treatment
of their ABPs, but in many cases, they use it as a pretreatment for incineration or landfilling [40].
The data presented in this work can motivate enterprises that own rendering equipment to modify
their processes, to recover more resources from ABPs and minimize the environmental footprint of
livestock production.

5. Conclusions

The process of rendering as an ABP management method is characterized as effective, efficient,
and safe. Its application has the effect of inactivating large volumes of ABPs and leads to the production
of pathogen-free materials, which can be further utilized to produce animal feed, fertilizers and
biofuels [18]. In the present study, the case of a slaughterhouse located at the Prossotsani Drama’s
Industrial Park (Greece) was presented. The company currently manages, through rendering, Category
3 ABPs derived from fish and foodstuff with the generated products burned in a privately owned
incinerator. The present study proposes the exploitation of processed ABPs by changing the rendering
process presently followed in order to produce fishmeal or proteinaceous flour and fat of increased
purity as final products. This proposal is the outcome of assessing three alternative ABP management
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scenarios using a mathematical model developed based on economic criteria and proving that further
exploitation of the rendering process products is economically advantageous. Furthermore, through
the AHP analysis it was indicated that the currently implemented waste management scenario is the
least desirable one, while rendering with exploitation of its products had better score than composting
and anaerobic digestion.
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