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Dear Professor Daniel. B Jones, 

 

Enclosed is the paper entitled “Key points on the energy sustainable development of 

sausages industry - the Portuguese case study”. The authors of this paper are J. Nunes, 

P.D. Silva, L.P. Andrade and P.D. Gaspar. Please accept it as a candidate for 

publication in the Energy for Sustainable Development journal. 

 

This paper characterizes the production process and the energy consumption of sausages 

processing industry in Portugal and discusses its average specific energy consumption 

(SEC) of electricity and standard deviation. Mathematical correlations from the greatest 

number of data sets collected to date in Portugal have been developed. These 

correlations show strong relationships between tons of raw material and electricity 

consumption, volume of cold stores, and compressors' nominal power. Several 

electricity savings, estimated around 24%, can be achieved by implementing simple 

practice measures in the refrigeration systems. Thus, the correlations can be used to 

predict the energy performance of sausages industries. These predictions can be used to 

promote the energy sustainable development of meat industries by helping in the 

decision-making process of practice measures for the improvement of energy efficiency. 

Due to the high energy consumption of the food sector and the applicability of the 

results from a energy management point-of-view, we strongly believe the contribution 

of our study warrants its publication in the Energy for Sustainable Development journal. 

 

Finally, this paper, if accepted for publication, will not be published elsewhere in the 

same form, in any language, without prior consent of the Publisher. 

 

 

Yours Sincerely, 

 

Pedro Dinis Gaspar 
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Abstract 12 

Sausage is an ancient food type that is nowadays considered as a delicatessen. Sausages 13 

are categorized within the deli sector as meat sub products. It is a food product preferred 14 

by consumers due to its nutritional value and organoleptic characteristics (wide range of 15 

flavours and textures). There are many types of sausages, with around 1200 different 16 

varieties (according to German classification), classified into types according to differ-17 

ent criteria such as types of ingredients, consistency, and preparation (raw, cooked, pre-18 

cooked, dry,…). In UK, 196152 metric tons of sausages were consumed during 2011, 19 

valued in $1.2 billion, while in the US this value was around $20.4 billion two years 20 

before. The heating and cooling processes during sausages production are indispensable 21 

technologies to ensure both the specific organoleptic characteristics and properties con-22 

servation through time. This paper characterizes the production process and the energy 23 

consumption of sausages processing industry in Portugal (20 industries) and discusses 24 

the average specific energy consumption (SEC) of electricity and its standard deviation. 25 
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The average value of this indicator for the sample was 660 kWhe/ton raw material. The 26 

energy consumption of this type of industries is mainly of electricity (82%). Correla-27 

tions have been developed that show the relationships between tons of raw material and 28 

electricity consumption, volume of cold stores, and compressors' nominal power. Sev-29 

eral electricity savings, estimated in 23.9%, can be achieved by implementing simple 30 

practice measures in the refrigeration systems. 31 

 32 

 33 

Keywords:  Sausages industry, Energy efficiency, Sustainability, Refrigeration 34 

 35 

1 Introduction 36 

The industrial sector is comprised by a diverse set of industries that are globally respon-37 

sible for 38% of a worldwide energy consumption and 36% of carbon dioxide emissions 38 

(CO2) (Abdelaziz et al., 2011). The main industries of this sector are manufacturing 39 

industries within which stands agrifood industries (Wang, 2008). At European level, the 40 

food industry represents an universe of 287000 industries with 4.25 million direct jobs 41 

and had in 2010 a turnover of 1017 billion euros (FoodDrinkEurope, 2012).  42 

In Portugal, the food industries follow the European trend, being also the largest group 43 

of manufacturing industries in the country (13.2%). In 2011 reached a business turnover 44 

of 9340 million euros (INE, 2011). Within the food industry, the largest sector corre-45 

sponds to the meat industry. In 2010 this sector was represented by 1159 industries with 46 

a turnover of 1130 million euros, representing 12.3% of total volume sales volume of 47 

food industries (INE, 2011; DGV, 2011).  48 

The main products of the meat industry sector are the cured sausages. Based on the re-49 

sults of 2012, these industries produced 87400 tonnes of cured sausages, representing 50 
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46.8% of all industrial production of meat products and corresponding to a turnover of 51 

249.4 million euros (INE, 2010). In Portugal, as in many European countries, there has 52 

been an increased production of cured sausages. It was registered an increase of 10.6% 53 

in 2012 comparing with the previous year (INE, 2013; Röhr et al., 2005; Wilcock et al., 54 

2004). 55 

In general, industries in this sector use two types of energy: electricity and fossil fuels. 56 

The electricity is used primarily on operating the cooling systems to comply with food 57 

safety requirements due to the high degree of spoilage of meat (Wang, 2008; Talon et 58 

al., 2007; Toldrá and Hui, 2007). In the particular case of cured sausages manufacture, 59 

about 25% of the total industrial energy is used for cooling and refrigeration processes, 60 

and 48% for food processing (Okos et al., 1998). However, during the production pe-61 

riod, the cooling systems can consume 45% to 90% of total electricity. In non-62 

production periods (retention periods), they are responsible for all electricity consump-63 

tion (Pagan et al., 2004; Ramírez et al., 2006). 64 

The energy consumption in sausages factories depends on various factors such as the 65 

type of production process, the size and structure of the product, the chemical and 66 

physical properties of raw materials, type technology used, the mechanization level of 67 

the factory and the usage of installed capacity (Houska et al., 2003; Li et al., 2010; Wo-68 

jdalski et al., 2008; Wojdalski et al., 2013). In order to maintain a sausages industry 69 

competitive taking into account the rising of energy costs, it is necessary to have a good 70 

energy and environmental performance. Thus, these industries should use the best avail-71 

able techniques and production practices, with major emphasis for its energy efficiency 72 

(Canales et al., 2005; EC, 2005; EC, 2006; EREN; 2008; Pagan et al., 2002; Pimentel et 73 

al., 2008). 74 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

In general, for evaluating the energy efficiency of an industrial unit is common to use a 75 

normalized scale, often defined by the ratio of energy expended during production and 76 

the result obtained from such production (Reindl et al., 2005; Ramírez et al., 2006; 77 

Wodjalski et al., 2013). Thus, indicators of Specific Energy Consumption (electrical 78 

and thermal) are obtained, that allow the evaluation of the performance of a industrial 79 

unit by comparison with indicators that belong to others units with the same category 80 

for similar activities and technologies (Wodjalski et al., 2013). 81 

There are some SEC values for these two types of energy in related literature, although 82 

they correspond to industrial units with different dimensions, level of technologic and 83 

world regions, which difficult a comparative analysis (Singh, 1986; Ramírez et al., 84 

2006; EC, 2006; Fritzson and Berntsson, 2006; Wodjalski et al., 2013). Nevertheless, 85 

the indicators allow to find the best practices and procedures for the reduction of energy 86 

consumption in this type of industry. Fritzson and Berntsson (2006) estimated that in 87 

the energy consumption related with the cooling of meat products, it is possible to 88 

achieve 10% of energy savings in modern industries and 15% in the oldest ones.  89 

In Portugal, the industrial food sector is made up mostly by micro, small and medium 90 

industries, that having energy intakes lower than 500 toe do not require an evaluation of 91 

their energy performance. For this type of industries, it’s not known the energy profile 92 

or the main features that contribute to its energy performance, with special attention to 93 

refrigeration systems. 94 

The present study uses the results obtained in a set of 20 sausages factories located in 95 

central region of Portugal to assess the characteristics of energy consumption, with par-96 

ticular emphasis on electrical energy. Thus, the characteristics of the infrastructures, 97 

refrigeration systems, energy consumption, energy performance and potential savings of 98 

electricity it will be analyzed. Also it is presented a set of mathematical equations that 99 
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relate the main parameters that influence the performance of cooling systems, such as: 100 

raw materials, cold rooms’ volume, electrical energy consumption and the nominal 101 

compressors power. 102 

 103 

2 Material and methods 104 

In order to evaluate the profile of electrical energy consumption in processing industries 105 

of cured sausages and to characterize their cooling systems, audits were performed in 20 106 

sausage factories located in central region of Portugal. Industries, named CS1 to CS20, 107 

do the same type of activity and have a similar production process. 108 

The audits were developed in two phases. In the first phase, each company was visited 109 

for the purpose of filling in an inquiry with a set of pre-defined questions. Specifically, 110 

the following aspects composed the inquiry: i) identification and location of the facility; 111 

ii) infrastructure characterization; iii) characterization of the activities developed; iv) 112 

identification and characterization of the production process; v) identification and quan-113 

tification of energy types; vi) characterization of the electrical tax and its consumption; 114 

vii) disaggregation of consumption by sector and equipment; viii) characterization of 115 

cold rooms; ix) determination of the environmental conditions inside and outside of in-116 

dustrial facility and within the cold rooms; x) identification and characterization of re-117 

frigeration systems; xi) characteristics of compressed air systems; xii) practice measures 118 

of energy efficiency already implemented. 119 

In the second phase, industries were visited again but now with the objective of measur-120 

ing the relevant parameters for its characterization. Thus, in this second stage and with 121 

the assistance of several measuring equipment, the following parameters were quanti-122 

fied: i) dimensions of cold rooms; ii) inside and outside rooms temperatures and relative 123 

humidity; iii) electricity consumption of different equipment, in particular of cooling 124 
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systems; iv) nominal compressors power and v) overheating degree of the refrigerant. 125 

Additionally, facilities were inspected in order to check for any failures in the surround-126 

ings of cold rooms and possible maintenance flaws in refrigeration systems. 127 

Air temperature and relative humidity were measured using digital multifunction 128 

equipment, Testo 435-2 with temperature (-20 to +70ºC) and relative humidity (0-129 

100%) probes with accuracy of ±0.3°C and ± 2%RH, respectively. It also was measured 130 

the outside surface temperature of cold rooms to evaluate thermal bridges. A general 131 

observation with infrared thermography equipment, Testo 880-4, was performed and 132 

then, in more sensitive areas, the surface temperature was measured with the Testo 435-133 

2 equipment using a contact temperature probe (-60 to 300ºC) with accuracy of ± 2%. In 134 

particular, to evaluate the overheating level of the refrigerants, the temperature and suc-135 

tion pressure at the compressor inlet and temperature at the evaporator outlet were 136 

measured. 137 

The inner dimensions of cold rooms were determined with an infrared rangefinder with 138 

a maximum range of 60 meters and an accuracy of ±1 cm. 139 

Global consumption of industries as well as the partial energy consumption in refrigera-140 

tion systems were measured using digital power analysers, Elcontrol - Energy Explorer, 141 

with a measuring range of 15-750V and 20-1000A with an accuracy of 0,53-2V and 142 

0,04-2A, respectively. 143 

The nominal electric power of the compressor was determined based on the measured 144 

values of the evaporation and condensation temperatures, and the overheating level, by 145 

consulting catalogues and using specific calculation software provided by compressors' 146 

manufacturers. To validate this methodology, some compressors were randomly se-147 

lected and the nominal electrical power was determined through experimental meas-148 
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urement of characteristics, namely: voltage, electrical current and power factor, using a 149 

digital multimeter and a clamp meter, Escort ECT-620. 150 

The comparison between nominal power values obtained by these two methods allows 151 

to conclude that the difference between the calculated and measured values is below 152 

10%, thus validating this approach. 153 

 154 

In order to evaluate the energy performance of the industries in this case study, the fol-155 

lowing three indicators were introduced: specific electrical energy consumption (SEC), 156 

usage of cold rooms’ volume (UCR) and nominal power of compressors per cold 157 

rooms’ volume (NPC). 158 

The SEC is an energy indicator commonly reported in the literature to evaluate the en-159 

ergy efficiency of industrial facilities or economic sectors (Nanduri et al., 2002; 160 

Maxime et al., 2006;  UN, 2010). This indicator was recently used in the energy analy-161 

sis in meat manufacturing industries (Ramírez et al., 2006; Nunes et al., 2011), in horti-162 

cultural industries (Nunes et al., 2014) and in cheese industries (Neves et al., 2014a) as 163 

well as in the development of computational tools for the energy efficiency assessment 164 

in the agrifood sector (Santos et al., 2013; Neves et al., 2014a, 2014b, 2014c). The SEC 165 

value is determined by Equation (1). 166 

 167 

 
RM

E
SEC     (kWh/tonRM) (1) 168 

 169 

Where E represents the annual electrical energy consumption (kWh), and RM designates 170 

the annual amount of raw materials processed (tonRM).  171 

Another indicator using in this work is the usage of cold rooms’ volume (UCR). It is a 172 

physical indicator determined by Equation (2). 173 
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 174 

 
total

V

RM
UCR     (tonRM/m

3
) (2) 175 

 176 

Where Vtotal indicates the total volume of cold rooms. This indicator helps to evaluate 177 

the greater or less usage of cold storage with consequent implications for the energy 178 

consumption level.  179 

The third indicator was calculated as nominal power of compressors per cold rooms’ 180 

volume (NPC) which is determined by Equation (3): 181 

 182 

 
total

total

V

P
NPC     (kW/m

3
) (3) 183 

 184 

Where Ptotal is the nominal electric power of all refrigeration compressors. With this 185 

indicator it is possible to quantify the cooling power installed per unit of cold room vol-186 

ume and therefore express the quality of the sizing/usage of cooling systems. The statis-187 

tical analysis of all data collected was performed using the SPSS program. In the corre-188 

lations development, the points that don't satisfy the Chauvenet's criterion were ex-189 

cluded from the sample (ASHRAE, 1986). 190 

 191 

3 Results analysis and discussion 192 

The two phases of the survey carried out in the processing industries of cured sausages 193 

provided a wide range of about these industries, which stands out: the year of facilities 194 

construction, amount of raw materials processed annually, number of cold rooms; total 195 

volume of the rooms, nominal electrical power of compressors, annual electrical con-196 
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sumption, SEC, UCR and NPC indicators. This data is shown in Table 1 and is analyzed 197 

in detail in the following subsections along with other data collected. 198 

 199 

3.1 Facilities 200 

According to the survey, 45% of the sausage factories feature a covered area up to 1000 201 

m
2
 and 55% between 1000 and 2000 m

2
. As shown in Table 1, most of the plants have 202 

11 to 20 years old (50%) and 21 to 30 years old (30%). The walls of buildings are 203 

mostly built in brick masonry. Only 20% of plants have building walls constructed with 204 

polyurethane panels. The largest constructive solution for building covers is the fiber 205 

cement sheets (75%). In general, the zone between the cooling chambers ceiling and loft 206 

is not ventilated. 207 

Globally, there are 138 cold rooms, i.e., an average of 7 cold rooms per plant with an 208 

average volume of 67 m
3
. The construction characteristics of these cold rooms are di-209 

vided in 45% of brickwork coated with cork panels or polyurethane panels (55%) with 210 

thicknesses between 60 and 80 mm. Some of the cold rooms of older facilities show 211 

clear signs of quality loss of the thermal insulation (cracks and thermal bridges), visible 212 

through images obtained with the thermographic camera. Furthermore, the door seals of 213 

the cold rooms are damaged in its majority, and do not use any protection device to pre-214 

vent from thermal entrainment in open door position. 215 

 216 

Insert Table 1 here 217 

 218 

3.2 Refrigeration systems 219 

The sausages factories use four levels of temperature: freezing (-18°C), cooling (0-6°C), 220 

controlled atmosphere (14-26°C) and climate (12°C). In general, these industries use 221 
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cooling systems to perform the treatment and conservation of raw materials and proc-222 

essed products and to air conditioning in processing rooms and corridors. 223 

As the required cooling capacities are small, due to the small quantity of products to 224 

cool and air volume to be conditioned, the type of refrigeration system preferred is the 225 

individual small refrigeration unit (condensing units or refrigeration plants with a com-226 

pressor or small refrigeration plant). 227 

The industries analyzed in this study use the following cooling systems: 31 vapour-228 

compression refrigeration systems with one compressor (29%), 29 condensation units 229 

(27%), 18 direct cooling circuit plants (17%), 14 air handling units with air-to-air heat 230 

pump (steaming and drying) (13%), 12 air handling mini-units (steaming and drying) 231 

(11%) and finally 3 refrigeration systems of compact type (3%). 232 

Globally, the cooling systems contain 128 compressors: 29 hermetic type (22.5%), 89 233 

semi-hermetic (69.5%) and 10 of open type (8%). The nominal electrical power of the 234 

industrial refrigeration compressors lies between 4 kW and 127 kW. 235 

The operation time of the compressor has the following distribution: 41% have a run-236 

ning time between 21-40 years, 49% between 11-20 years and only 10% has a running 237 

time between 1 and 10 years. From these results it appears that a large number of com-238 

pressors has a high operation time committing their energy performance. According to 239 

Coquinot and Chapon (1992), the average life of most equipment used in cold systems 240 

production should be between 15 to 20 years (compressors, fans, air treatment units) 241 

and beyond this period their energy efficiency decreases. 242 

The refrigeration systems use 107 condensers, all cooled by forced air. The most com-243 

monly refrigerants used are the R22, R404a and R134a.  244 

In addition to the thermal equipment already presented, some industries still have 245 

greenhouses that can be heated by electrical energy or using firewood.  246 
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Throughout the fieldwork it was found that many compressors suffer from a lack of 247 

maintenance and had oil leakage, some condensers were dirty and clogged and were 248 

installed in poorly ventilated areas or near heat sources, and finally, the cooling systems 249 

had a long time of operation (i.e., old equipment). 250 

 251 

3.3 Energy consumption 252 

The results show that all factories use electrical energy, propane gas or heating oil. 253 

Some factories still use firewood to cure the sausages. The electric energy is used to 254 

power the electrical equipment of which stands out cooling systems, such as compres-255 

sors, evaporator fans, condensers, electric heaters, air treatment units, electric saws, 256 

grinders, mixers, filling machines, compressed air systems, lighting, pumps and office 257 

equipment. Propane or heating oil are burned in heat generators (boilers) for water heat-258 

ing to use in the process (cooking the cured sausages) or cleaning operations. Firewood 259 

is also used in drying operations. 260 

From Table 1 it can be seen that the electric energy consumption of sausages factories 261 

lies between 13 MWh and 673 MWh with an average value of 127 MWh.  262 

Figure 1 shows the individual and average electrical and fuels consumption (propane 263 

gas or heating oil) from sausages factories of this study. The results show that the aver-264 

age annual electrical energy consumption is 82% and the fuel consumption is 18%. 265 

Some sausage factories use electrical energy only because they use electric water heat-266 

ing cylinder (CS6, CS12, CS14 and CS15) as shown in Figure 2. 267 

 268 

Insert Figure 1 here 269 

 270 
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In sausages factories, most of the equipment (grinder, mixers and fillers) works only  271 

during certain time periods of day or week. Refrigeration systems works continuously 272 

most of the time. Figure 2 shows the balance of energy consumption in sausages indus-273 

tries. The set of industries consumed during the year, a total 667.4 toe distributed by 274 

548.7 toe of electricity (82%), 108.3 toe of propane (16%) and finally 12.4 toe of heat-275 

ing oil (2%). In average, each industry consumed 33.4 toe annually.  276 

 277 

Insert Figure 2 here 278 

 279 

Figure 3 shows the annual average distribution of electricity consumption by the main 280 

energy consumers of a typical sausage factory processing 2066 ton of raw materials and 281 

consuming 1037 MWh of electrical energy. As shown in Figure 3, electrical energy is 282 

the main type of energy used by the sausages factories and the larger consumers are the 283 

refrigeration systems (48.5%) and electric motors (38.7%). However for smaller sau-284 

sage factories with less activity, the distribution of consumption changes with cooling 285 

systems assuming even a greater share of the electricity consumption. For a sausage 286 

factory with an annual processing of 104.8 ton of raw materials and electric power con-287 

sumption of 4.42 MWh the distribution of consumptions is 79.2% for cooling electrical 288 

systems, and 11.1% for electric motors. These results confirm that cooling systems are 289 

the major electrical energy consumers as referred by Okos et al. (1998), Pagan et al. 290 

(2004) and Ramirez et al. (2006). 291 

 292 

Insert Figure 3 here 293 

 294 
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From the analysis of the industry electrical taxes, it appears that they use mostly hourly 295 

tariffs, with contracted power lies between 19 kW and 190 kW, with an industry aver-296 

age of 55.3 kW. 297 

It was still found that 8.7% of industries pay reactive energy due to a power factor less 298 

than 0.92. This cost can easily be avoided by installing a capacitors battery. 299 

Figure 4 shows the graph relating the contracted power, the nominal electrical power of 300 

compressors and also the electrical energy consumption for the industries in study. As 301 

shown in Figure 4, there is a very narrow relationship between the two types of power 302 

and with the electrical energy consumption. This relationship allows to conclude that 303 

the electrical power of refrigeration compressors takes a leading role both in the choice 304 

of contracted power and the in the electricity consumption. 305 

 306 

Insert Figure 4 here 307 

 308 

3.4 Specific indicators 309 

The specific consumption of total energy (electrical and heat) of sausages factories of 310 

this study lies between 248 kWh/ton and 2080 kWh/ton. These results are higher than 311 

the values (110-760 kWh/ton) presented by benchmarking (IFC, 2007). 312 

Figure 5 shows the value of SEC of sausages factories and its average for all the sau-313 

sages factories industries analysed. The SEC is between 248 to 1840 kWh/tonRM, with 314 

an average value of 660 kWh/tonRM, which is within the range reported by Toresen et 315 

al., (2010), 600-1040 kWh/tonRM, and by López et al. (2005), 460 kWh/tonRM. 316 

As can be seen in Figure 5, there is a wide range of SEC value among the different in-317 

dustries. During the fieldwork, the sausages factories that present the highest and lowest 318 

SEC values were analysed in detail. 319 
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 320 

Insert Figure 5 here 321 

 322 

By comparing the SEC values of the sausages factories, it is possible ascertaining the 323 

most efficient and what are the main factors contributing to the differences in energy 324 

efficiency between themselves. 325 

The sausage factory that has the lowest value of SEC, CS10, was constructed in 1995, 326 

and has the surroundings and cold rooms constructed in polyurethane panel with a 327 

thickness of 120 mm and the polyurethane cover with 40 mm panels. In addition, it also 328 

has a loft of identical height to the work zone (4 m) and is well ventilated. This industry 329 

also uses thermal energy from a boiler in air treatment units used in drying the cured 330 

sausages. It even has a program for managing the production activity, which consists of 331 

performing manufacture on certain days of the week and inactive in the remaining days 332 

in order to minimize the use of refrigeration systems. It has a direct-circuit cooling plant 333 

and maintenance plan of refrigeration systems. All these positive factors provide this 334 

industry with the lowest SEC value, 262 kWh/tonRM. This result allows to conclude that 335 

the quality of the infrastructure materials, namely of walls, roof and cold rooms are a 336 

major factor in achieving these results. Furthermore, the energy use of thermal energy 337 

for the cure of sausages, and the use of a centralized refrigeration equipment, with a 338 

good energy management and maintenance contribute to an improved energy efficiency. 339 

The sausage factory that has the highest SEC value is CS8. The infrastructure of this 340 

sausage factory was built in 1994 with masonry and with a metal cover plate. The cold 341 

rooms are made of polyurethane panels with 60 mm thick. It also has an unvented loft, 342 

where temperature reach values higher than 50ºC. Furthermore, it has a compact cooling 343 

equipment installed inside the facility, resulting in heat dissipation of the condenser in-344 
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side the facility as a result of a faulty location of the equipment. To maintain the interior 345 

environment of the climatic facilities, particularly of the processing room and hallways, 346 

the temperatures in these spaces are set to 8-10ºC (below the standard temperature of 347 

12ºC). This industry also works below its nominal capacity as shown in Table 2, with 348 

the lowest value of UCR, which is 0.15 ton/m
3
. On the other hand, it is also one of the 349 

industries that have the lowest NPC, 0.054 kW/m
3
. Improper installation of refrigeration 350 

equipment and the use of low evaporation temperatures, combined with a large thermal 351 

load inside the facilities, force the cooling systems to present a high consumption of 352 

electrical energy. All these factors contribute to this industry present the largest SEC, 353 

1840 kWh/tonRM, far above the average of 660 kWh/tonRM. 354 

Another example of an industry with a SEC value above average is CS5. The infrastruc-355 

ture of this sausage factory was built in 1992 in double masonry wall and a marseille 356 

tile roof, it was a well ventilated loft and a concrete slab separating the loft from the 357 

working area. Despite showing infrastructure in good conditions of conservation and 358 

possessing excellent materials for the cold rooms (polyurethane panels with 80 mm 359 

thick), the refrigeration systems have a high operation time and without planned main-360 

tenance in such way that the condensers of the refrigeration systems were clogged. 361 

These factors affect the energy efficiency of refrigeration systems and, in particular, the 362 

energy performance of the facility. Consequently, this plant presents a SEC value well 363 

above average, 898 kWh/tonRM. From this example it is concluded that the operation 364 

time of refrigeration equipments and it maintenance are also two key factors for the en-365 

ergy performance of refrigeration systems. 366 

The set of factors described above are some examples that contribute to the result of the 367 

energy performance of sausages industries. These results allow to conclude that there 368 

are potential savings of electrical energy that can be achieved if the several inefficien-369 
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cies detected were corrected. Assuming that all industries with a higher value than the 370 

average SEC (see Figure 5) implement practice measures to improve the energy effi-371 

ciency in order to achieve this average value, it should be expected an overall potential 372 

of 24% of reduction consumption of electrical energy. In this case, the procedure pre-373 

supposes sharing the best practices of energy use in this sector. This savings translates 374 

into an annual value of 337 MWh. In relation to the reference value (Singh, 1986), 375 

where the average value of the electrical energy consumption for the sausages process-376 

ing is 465 kWh/tonRM (see Figure 5), the value of energy savings obtained is 37%, cor-377 

responding to an annual value of 1812.7 MWh. It should be noted that the Spanish in-378 

dustries incorporate in the production process other forms of energy besides electricity 379 

(Singh, 1986), contrary to Portugal where the energy sources rely primarily on electric-380 

ity and some biomass to perform the drying and smoking operations. This feature ex-381 

plains the large difference in electrical consumption observed between the industries of 382 

the two countries. 383 

Figure 6 shows the UCR results. The UCR values show that not all sausages factories 384 

have a proper volume utilization of cold rooms in a similar manner. This result shows 385 

that the total installed capacity of sausages factories is not used (low UCR value). Con-386 

sequently, sausages factories working below the nominal capacity show higher SEC 387 

values, meaning a decrease in their energy efficiency. For example, CS4, CS7, CS10, 388 

CS11, CS12 and CS14 have higher SEC values than CS2, CS8, CS13, CS15, CS17 and 389 

CS20. From this analysis it is concluded that for the activity of sausages factories, the 390 

partial load contributes to reduced energy efficiency. Globally, the average UCR value 391 

is 0.712 tonRM/m
3
.  392 

 393 

Insert Figure 6 here 394 
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 395 

Figure 7 shows the NPC results. It can be seen that there is a certain uniformity of re-396 

sults for this indicator, from which it can be concluded that the sizing or the cooling 397 

capacity used for activity of sausages factories presents a certain standardization. Ex-398 

ceptionally, CS11 and CS14 have much higher values than the other sausages factories. 399 

However these two sausages factories also have the highest values UCR and the results 400 

are in agreement. Globally, the average NPC value is 0.1 kW/m
3
. 401 

 402 

Insert Figure 7 here 403 

 404 

3.5 Refrigeration system modelling 405 

Table 2 shows the mathematical equations that relate the various variables and other 406 

indicators obtained during the statistical analysis of results. 407 

Figure 8 shows the graphical representation of experimental values of sausages indus-408 

tries and the linear regression obtained by the model and the upper and lower limits that 409 

correspond to a confidence interval of 95% for each one of the relationships. Figure 9-a) 410 

shows the relation between volume of cold rooms (m
3
) and raw material (ton); Figure 9-411 

b) relates nominal power of compressors (kW) with raw material; Figure 9-c) relates the 412 

electrical energy consumption (MWh) versus raw material; Figure 9-d) shows the rela-413 

tion between electrical power of compressors and volume of cold rooms; Figure 9-e) 414 

relates the electrical energy consumption and the volume of cold rooms and finally Fig-415 

ure 9-f) relates the electrical energy consumption with the electrical power of the com-416 

pressors. 417 

 418 

Insert Figure 8 here 419 
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 420 

As shown in Figure 8, the data points are concentrated within the range of 95% confi-421 

dence. The high values of the coefficients of determination R
2
 indicate a good relation-422 

ship between the experimental points and the model equations. 423 

 424 

4 Conclusions 425 

In this study we have analyzed 20 sausages factories sector located in the centre region 426 

of Portugal. The analysis considers infrastructures, manufacturing processes, refrigera-427 

tion systems, energy consumption, and evaluation of specific indicators. Mathematical 428 

correlations were developed that serve to characterize the energy performance of refrig-429 

eration systems and particularly these industries. 430 

The sausages factories of this study, and generally in Portugal, are small industries that 431 

process annually an average value 255 ton of raw material, and have a covered area 432 

around 2000 m
2
. They are usually built of masonry and have fibrocement covering. The 433 

cold rooms are constructed of polyurethane panels with a 60 to 80 mm thickness and 434 

have an average volume of 67 m
3
. 435 

The main products are dry cured sausages. These products involve conservation opera-436 

tions of meat, cutting, mixing, salting, maturing, filling, steaming and drying. These last 437 

two operations are usually performed in flues or controlled atmosphere rooms. 438 

The refrigeration systems are of classic type for conservation operations and air han-439 

dling systems of air-air heat pump type are used for drying. 440 

The main type of energy used in this industry is electricity (82%) and fuel in a smaller 441 

scale (18%). The major electrical energy consumers are the refrigeration systems (48.5 442 

to 79.2% of total electricity consumption). 443 
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The specific total energy consumption (electricity and heat) is between 248 kWh/ton 444 

and 2080 kWh/ton. These results are higher than benchmarking considered as reference. 445 

Thus, the sausages factories in this study consume more energy. It must be highlighted 446 

that the consumption also depends manufacturing process. 447 

The specific electrical energy consumption (SEC) value is between 248 to 1840 448 

kWh/tonRM, with an average value of 660 kWh/tonMR. These values are within the range 449 

of other values found in literature. 450 

It is predicted that sausages industries that consume more energy than the average value, 451 

adapt best energy practices to reach that amount, would save approximately 24% of 452 

electricity equivalent to 337 MWh annually. In relation to other literature, the savings 453 

would be 37% or equivalent to 1813 MWh annually. 454 

The regression equations obtained allow to evaluate the energy performance of the sau-455 

sages industries and their refrigeration systems. It can be used to evaluate an existing 456 

facility or as a predictive tool to obtain the quantities of a particular facility which even-457 

tually will be build. 458 

Throughout our study, several inefficiencies were identified that negatively influence 459 

the energy efficiency of sausages factories, in particular: infrastructure with weak ther-460 

mal insulation capacity (masonry walls, fiber cement roofing and sheet metal) reduced 461 

thickness (60 mm) of cold rooms walls, loft without ventilation when very high tem-462 

peratures were detected (above 50°C), refrigeration equipment poorly located with par-463 

ticular emphasis on condensers installed indoors or near heat sources, refrigeration 464 

equipment with large operation time and without proper maintenance, compressors with 465 

long use, with large oil leaks, vibrations and continuous leakage of refrigerant and the 466 

use of cold room partially loaded. The results were presented can help for the energy 467 

sustainable development of meat industries, since same inefficiencies may exist in other 468 
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companies in other countries despite the differences that may exist both on processing 469 

methods or cold storage conditions. 470 

 471 
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Table 1:  Characterization of sausages plants based on the data collected locally and on calculated indicators. 

Plant 

Year 

gf 

construction 

Raw 

material 

(tonRM/year) 

Number 

of 

cold 

rooms 

Total 

volume of 

cold rooms 

(m
3
) 

Compressors  

nominal 

power 

(kW) 

Electricity 

 consumption 

(MWh/year) 

SEC 

(KWh/tonRM) 

UCR 

(tonRM/m
3
) 

NPC 

(kW/m
3
) 

CS1 1998 38.5 4 80.0 7.8 23.7 616 0.48 0.098 

CS2 1992 45.3 4 188.0 11.8 38.2 844 0.24 0.063 

CS3 1997 104.8 5 172.7 8.6 44.1 421 0.61 0.050 

CS4 1992 877.2 12 675.0 44.0 245.0 279 1.30 0.065 

CS5 1990 76.5 6 248.6 19.0 68.7 897 0.31 0.076 

CS6 2003 450.4 9 679.0 71.6 232.4 516 0.66 0.105 

CS7 1998 149.9 4 126.0 17.8 47.4 316 1.19 0.141 

CS8 1994 78.5 8 516.0 27.8 144.5 1840 0.15 0.054 

CS9 1995 198.0 6 547.0 31.6 66.1 334 0.36 0.058 

CS10 1995 315.8 6 321.0 27.2 82.8 262 0.98 0.085 

CS11 1998 55.5 3 26.0 9.3 27.3 491 2.14 0.358 

CS12 1995 1040.9 9 850.0 94.6 258.0 248 1.22 0.111 

CS13 1982 178.3 7 866.0 55.4 194.1 1088 0.21 0.064 

CS14 1990 31.1 2 14.0 3.8 12.6 405 2.22 0.271 

CS15 1970 178.1 9 764.0 24.5 145.8 818 0.23 0.032 

CS16 1993 80.3 4 173.0 13.3 39.5 491 0.46 0.077 

CS17 2003 45.5 4 175.0 12.9 25.5 560 0.26 0.074 

CS18 1995 68.0 4 122.0 4.2 33.5 494 0.56 0.034 

CS19 1995 1003.0 23 2077.0 126.7 673.3 671 0.48 0.061 

CS20 1986 92.3 9 510.0 21.4 148.7 1611 0.18 0.042 
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Table 2:  Correlations for characterization of the refrigeration systems of sausages industries (Correlations significant at 0.01 level). 

 
 

Cold rooms' volume 

V (m
3
) 

Compressors power 

Pcomp (KW) 

Electricity consumpt.  E 

(MWh/year) 

Raw 

materials 

RM 

(ton) 

Formula V = 4,3795 RM - 87,42 P = 0,0702 RM+11,492 E = 0,2376 RM + 24,18 

R
2
 0,82 0,68 0,92 

Error (standard deviation) 130,53 14,20 23,24 

Lower limit of confidence interval (95%) -244,70 2,76 8,11 

Upper limit of confidence interval (95%) 69,86 20,22 40,25 

Spearman correlation coefficient 0,83 0,86 0,93 

Significance 0,00 0,00 0,00 

n 12 19 15 

Cold 

rooms' 

volume 

V 

(m
3
) 

Formula 
 

P = 0,0572 V+ 3,4135 E = 0,3243 V - 6,8444 

R
2
 

 
0,93 0,96 

Error (standard deviation) 
 

4,06 17,34 

Lower limit of confidence interval (95%) 
 

-0,06 -21,47 

Upper limit of confidence interval (95%) 
 

6,88 7,78 

Spearman correlation coefficient 
 

0,92 0,91 

Significance 
 

0,00 0,00 

n 
 

15 16 

Compressors 

power 

P 

(KW) 

Formula 
  

E = 2,9045 P + 11,323 

R
2
 

  
0,90 

Error (standard deviation) 
  

25,68 

Lower limit of confidence interval (95%) 
  

-8,01 

Upper limit of confidence interval (95%) 
  

30,65 

Spearman correlation coefficient 
  

0,92 

Significance 
  

0,00 

n 
  

17 
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Figure 1: Consumption profile of electrical and fuel in sausages factories. (: Elec-

tricity; : Fuel; : Average electricity; : Average fuel) 
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Figure 2: Balance of energy consumption in sausages factories (: Electricity; : 

Propane; : Diesel). 
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Figure 3: Annual distribution of electricity consumption for sausage factory -2066 

tonRM and 1.037 MWhe- (: Refrigeration system; : Motors; : Lightning; 

: Compressed air; : Other). 
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Figure 4: Relationship between contracted power (), nominal power of compressors 

() and electricity consumption (). 
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Figure 5: SEC values of sausages factories  (: SEC of sausages factories; (‒: aver-

age SEC; ‒: reference SEC). 
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Figure 6: UCR values of sausages factories. 
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Figure 7: NPC values of sausages factories. 

  

0,000 

0,100 

0,200 

0,300 

0,400 

C
S

1
 

C
S

2
 

C
S

3
 

C
S

4
 

C
S

5
 

C
S

6
 

C
S

7
 

C
S

8
 

C
S

9
 

C
S

1
0

 

C
S

1
1

 

C
S

1
2

 

C
S

1
3

 

C
S

1
4
 

C
S

1
5

 

C
S

1
6

 

C
S

1
7

 

C
S

1
8

 

C
S

1
9

 

C
S

2
0
 

N
P

C
 (

k
W

/m
3
) 

Sausages factories 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 

  

(a) (b) 

  

(c) (d) 
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Figure 8: Correlations for characterization of the refrigeration systems of sausages 

industries. 
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